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Preface 


The purpose of this book is to give a comprehensive description of the 
methods used in measuring small amounts of heat developed by different 
objects. There have been a few books published on calorimetry, but none 
on microcalorimetry. As the application of microcalorimetric measure- 
ments has increased steadily, the appearance of this book may be timely. 
Microcalorimetric measurements have been employed recently in physics, 
in physical chemistry, in physiology and in biology. In addition, they 
have found applications in metallurgy, in the cement industry and in 
other industrial research. It is expected that a wider application of this 
method lies ahead. 

After the manuscript of this book had been written. Volume I of 
“Physical Methods of Organic Chemistry,’^ edited by Dr. A. Weissberger 
and published by Intcrscience Publishers, Inc., New York, N. Y., appeared. 
It contains an excellent presentation of “Calorimetry^’ by Dr. J. M. Stur- 
tevant. It is the belief of the writer that it would be useful to the reader 
to be acquainted with that chapter before reading this volume. In this 
way two somewhat different presentations of similar and sometimes 
identical methods may be studied. Some historical details given in § 16 
of this book may be interesting because they are not known to the majority 
of American chemists. 

The writer wishes to explain how it was possible for him to write three 
books dealing with quite different subjects. In fact, “Coke Formation 
Process and Physicochemical Properties of Coals” and “Ebulliometric 
Measurements” pertain to subjects which are quite different from those 
associated with measurements of very small amounts of heat. The 
explanation is very simple. After Poland was reborn in 1918, and the 
writer started his work in Warsaw, he was surrounded for twenty years 
by his young friends, boys and girls, whose only desire was to contribute 
in any possible manner to the development of science and industry in 
Poland. This was merely the consequence of the liberation of a nation 
after 150 years of lack of political freedom and independence. According 
to the writer’s conviction, his duty was to give the young generation in 
Poland not one but several fields in which they could develop their own 
creative power. In that way teamwork was developed in two places — at 
the Physicochemical Laboratory of the Institute of Technology and at the 
Chemical Research Institute, both in Warsaw — ^so that problems dealing 
with “Ebulliometry,” “Thermochemistry” and “Microcalorimetry” were 
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studied at the Institute of Technology, and ^Thysicochemical Properties 
of Coals'^ at the Chemical Research Institute. The enthusiastic support 
given to the writer by those young friends is responsible for the appearance 
of the three books written in the United States during World War II. The 
writer was the coordinator and the ^'prior^’ of the fraternity that wanted 
to build a great Poland through development of science. 

I wish to extend my gratitude to Dr. W. A. Hamor who encouraged me 
to publish this book. I express my thanks to my friends Drs. J. R. Ander- 
son, H. R. McGraw and R. Smoluchowski for their valuable help and sug- 
gestions resulting from reading the manuscript and the proof. I extend 
my gratitude to all my associates and friends in Poland who contributed 
in developing some of the microcalorimetric methods described in the 
following pages. 

I am grateful to Mr. G. G. Hawley of Reinhold staff for editorial help. 

W. Swigtoslawski 

Mellon Institute, Pittsburgh, Pa. 

May, 1946 
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Chapter I 

Microthermal Processes of Long and 
Short Duration 

§ 1. Microcalorimetric Measurements. Recent progress in physics,** 
physical chemistry, physiology^* and biology,®* as well as in 

some branches of industry,*®* ^®* has stimulated the development of a 
special branch of calorimetry which deals with measuring the very small 
thermal effects produced by different objects. Some of these thermal 
processes are of very short duration, while others last for hours. There 
are also processes which liberate constant quantities of heat for months 
and years. 

The variety of objects which are or might be examined by the calori- 
metric method is so great that it is impossible to enumerate all of them. 
Also, it is difficult to predict how far the technique of calorimetric and 
microcalorimetric measurements may extend. For this reason several 
examples are given to illustrate how different in nature and in type these 
thermal and microthermal processes can be.^’* ®'* ®^* 

The measurement of the heat developed by natural or artificial radio- 
activity is a typical example of those processes which require the use of 
microcalorimetric measurements. The technique of those measurements 
was developed when problems originated in examining radioactive elements 
and minerals. 

The evolution of heat by the adsorption or absorption of gases and 
vapors, by the slow recrystallization of metallic alloys, and by the evapora- 
tion of small amounts of volatile liquids are processes which may be 
examined by the microcalorimetric method. The heat produced by a 
growing plant, by bacteria and by the germination of seeds has been mea- 
sured by this method. 

The variety of thermal processes, the investigation of which is of indus- 
trial importance, is also very large. For instance, there are many prob- 
lems associated with the gradual change in the structure of metallic alloys 
which are oi* may be important to the metallurgist. Thermal phenomena 
taking place when different kinds of cements react with water give a direct 
indication of how to use them in the cold and in the warm seasons or in 
building huge concrete blocks. 

The solution of certain geological problems may be based on micro- 
calorimetric researches, although at the present stage of the development 
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of microcalorimetry it is difficult to predict the outcome of these. The 
heat developed by some radioactive minerals or by the absorption of cosmic 
rays may be conadercd as typical examples of this kind. 

§ 2. Thermal Processes of Long Duration. In the past there were 
no calorimetric methods which could be employed for measuring the heat 
evolved by processes of long duration.”- Most of the calorimetric 

measurements then made — for instance, the determination of the heat of 
condensation of vapors or evaporation of liquids, the heat of neutraliza- 
tion, the heat of combustion, etc. — could be completed in a relatively 
short time. It was believed, not without reason, that the accuracy of 
calorimetric measurements carried out in conventional apparatus decreased 
considerably if the process lasted more than fifteen minutes. This was 
explained by the uncertainty in calculating the correction for the heat 
losses or gains of the calorimeter during the time when the heat was liber- 
ated by the process under examination. For this reason, the number of 
thermal processes which could be examined by the calorimetric method was 
rather limited. 

Real progress in calorimetry was made after Richards, Henderson and 
Forbes“ introduced the adiabatic calorimeter and employed that method 
for measuring the heat of combustion, vaporization, etc. In this way the 
error associated with the calculation of the heat exchanged between the 
calorimeter and the jacket has been practically eliminated, or at least 
reduced considerably. 

Richards understood the importance of using the adiabatic method 
and he intended to apply it in measuring the heat evolved by processes of 
long duration. In 1926, when the writer had a personal conversation with 
this eminent American scientist, Richards had planned to examine directly 
the heat developed by slowly proceeding reversible chemical reactions. 
Unfortunately, his sudden death interrupted the experiments, which were 
at that time in the stage of preparation. 

Another method was employed in the past by physiologists for examin- 
ing the heat produced by animals and human beings. This method con- 
sisted in maintaining a constant temperature in the jacket of the calorim- 
eter and measuring the heat which was steadily removed from the calorim- 
eter. The famous investigations carried out by F. G. Benedict^^ and 
his associates at the Carnegie Nurtrition Laboratory at Boston are typical 
examples of the manner in which large amounts of heat evolved by physio- 
logical processes can be measured in experiments which last a long period 
of time.*- *- 

The ice calorimeter has been considered as a rare device by means of 
which thermal processes of relatively long duration can be examined with 
satisfactory accuracy. Unfortunately, the temperature of 0° C is far too 
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low for measuring the heat produced by numerous chemical reactions. In 
addition, special precautions should be taken to avoid the errors which are 
the result of the occurrence of secondary phenomena in the ice calorimeter 
(§ § 37, 38). To avoid the low temperature of the calorimeter, substances 
other than water have been suggested.®®* ®® These types of '^solid-liquid 
phase^^ calorimeters have found restricted application because of the 
inconveniences associated with their functioning. 

Since the ice calorimeter may find some application in microcalorimetry, 
the type adapted for measuring a small amount of heat is described in § 39. 


Figure 1. 

Temperature Increases with Time, 
the Objects Being Surrounded by an 
Adiabatic Jacket. 



The real progress in microcalorimetry started about forty years ago 
when it was urgently important to determine the heat liberated by the 
radiations of radioactive elements. Since then, a number of microcalorim- 
eters have been built and the functioning of isothermic and adiabatic 
jackets has been improved considerably. Temperature increases can now 
be measured with a very high precision. Time has ceased to be an obstacle 
in measuring the heat of processes of long duration. 
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ture at which the process takes place. Diagram B shows that at a certain 
moment, ri, the process starts and then proceeds until time t 2 is reached, 
at which no more heat is developed. Two examples (G and H) are repre- 
sented in which positive amounts of heat are evolved, and two ((?' and H') 
in which instead of a liberation an absorption of heat takes place. 

Another case is represented in diagram C. It is characterized by 
fluctuations, which constitute positive and negative deviations from 
straight line TiT 2 - The thermal process shown in diagram Z>, Figure 2, 
is typical in thermochemistry. At the start a large amount of heat is 
developed; then, as the process continues, the liberation of heat becomes 
smaller and the curve merges asymptotically with line T»Tn, parallel to 
the axis of time. 

Diagram E, Figure 2, represents a thermal process which shows the 
existence of a maximum of heat development per unit of time, then its 
steady decrease. At the last stage the curve merges asymptotically with 
the horizontal line T 2 T 2 , as in case D. Finally, a rather rare case is repre- 
sented in diagram F, Figure 2, in which the reaction starts with the devel- 
opment of moderate quantities of heat; then it becomes more and more 
energetic and a point is reached at which the experiment should be stopped 
because of the danger of an explosion (see § 83). 

In most of the cases in microcalorimetry only a small portion of curve 
(r,r) is examined; for this reason the average temperature K^n+To) may 
be considered as that during which the process has been examined. Usually, 
the differences {Tn- To) between the final and the starting temperatures do 
not exceed 0.2 to 0.5®. In spite of this, the change in temperature from 
To to Tn may cause a change in the velocity of the reaction and conse- 
quently a change in the amount of heat developed per unit of time. For 
this reason, in a number of cases it is important to carry out the experi- 
ments in such a way as to keep the object at a constant temperature. One 
of the calorimeters which makes it possible to measure the heat developed 
by the object at constant temperature is described in Chapter X. This 
apparatus is called a labyrinth flow calorimeter, because it is provided with 
a number of labyrinth passageways through which water is circulated with 
constant speed and with constant initial temperature To. The water 
removes the heat from the calorimeter and in doing so its temperature 
changes to Tn when leaving the system. The amount of heat developed 
is calculated from the equation; 

dQ = V’C’AT-dT ( 1 ) 

in which dQ is the amount of heat liberated in time dr, v is the volume of 
water passing through the labyrinth during that time, c is the specific 
heat of water and AT = rn~To is the actual difference between the 
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temperature of the water leaving and entering the labyrinth flow calo- 
rimeter. 

The use of that calorimeter or any other in which the object is kept at 
constant temperature offers the possibility of another graphical presenta- 
tion of thermal processes. For convenience, in Figures 3 and 4 all processes 
previously described are redrawn so as to show how AT values in equation 
(1) change with the time r. The curves thus obtained may be characterized 
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Figure 3. 

Curves Expressing r Rela- 
tion; AT being the Differences 
Between the Temperatures of Water 
Leaving and Entering the Labyrinth 
Flow Calorimeter, and r the Time. 


by the symbol (AT ,r) . Usually AT (or dT) is proportional or approximately 
proportional to AQfAr (or dQjdr) values calculated or graphically deter- 
mined from the curves shown in Figures 1 and 2. For instance, in Case D, 
Figure 2, AT is proportional or at least is close to the tangent of the angle 
NPM formed by the horizontal line, and by the tangent drawn through 
point P on curve (T,t). 

It is easy to see that if the object develops a constant amount of heat 
the process is represented by a straight line, (diagram A', Figure 3). 
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Exo- or endothermal processes which start at ri and end at t 2 are repre- 
sented by two curves (R and S) lying on the positive side (above line 00, 
which corresponds to AT = 0) and by another two (R' and S') found on the 
negative side of the line 00 (A!r<0). Diagram C', Figure 3, represents 
a process similar to that shown in diagram A', with the exception that 
instead of constant quantities of heat there are fluctuations down and up. 
The process characterized by a steady decrease in heat production (to zero) 


Figure 4. 

Curves Expressing the AT, t Rela- 
tion; AT being the Differences Between 
the Temperatures of Water Leaving 
and Entering the Labyrinth Flow Calo- 
rimeter, and T the Time. 


iT 



is represented by the curve shown in diagram D', Figure 4. E' shows in 
another way the process in which there is first a steady increase in heat 
production until a maximum is reached, and then a steady decrease to 
zero. Finally, diagram F', Figure 4, is quite similar to F, Figure 2. It 
represents the process of steady increase in heat production. 

The following examples may illustrate cases in which these thermal 
processes may be found in nature. Diagrams A and A', Figures 1 and 3, 
represent numerous thermal processes found in radiology. 
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Radium preparations in which the radioactive equilibrium has been 
practically established, and radioactive minerals in which that equilibrium 
has existed for centuries are substances which liberate constant amounts of 
heat dming arbitrarily long periods of time. The last period of the harden- 
ing of cements, when a small amount of heat is developed for months, show- 
ing a very small decrease in heat liberated, also may be considered as an 
example of that kind of process. In that case no change in heat develop- 
ment may be found for many hours. Similar, but not identical phenomena, 
exist in biology. Plants and animals placed in calorimeters for long periods 
of time may show a constant average amount of heat evolved per hour, 
although fluctuations are found as shown in graphs C and C', Figures 1 
and 3 

If the heat of absorption of vapors or gases by solid substances, for 
instance, activated carbon, is examined, or if the heat of vaporization of 
volatile liquids is measured/ the curves shown in B or B' may be considered 
typical for those processes. 

Numerous chemical or physicochemical reactions and the transformation 
of some radioactive elements, characterized by a short half life, are thermal 
processes which may be represented by curves D or D'. 

Diagrams E and E' illustrate processes of slow aging of metallic alloys 
or of hardening of cement when mixed with water (see § § 84, 95). Curves 
F and F' show the behavior of some artillery powders which previously 
have been heated to 75° C and kept at that temperature for several hours. 
Sometimes it is dangerous to continue the measurement because an explo- 
sion may occur. 

All the processes represented in Figures 1 and 2 have been examined 
by different micrpcalorimetric methods. It is probable that a number of 
other processes of long duration may be found which will show some simi- 
larity or will be represented graphically by different kinds of curves. 

One important inatter relating to most microcalorimetric measurements 
of processes of long duration is that the calorimeters are used without 
stirrers. This technique was adopted in the earliest stage of the develop- 
ment of microcalorimeters and still remains one of the main conditions of 
conducting measurements which last several hours or more. In 1933 
Tian^^® emphasized that calorimeters without any stirring devices should 
be used even if the substances measured are liquids. In 1931 the writer 
and his associates®® proved the applicability of microcalo.rimeters without a 
stirrer in measuring the heat capacity of pyridine. Most of the objects 
examined in microcalorimetry, however, are not liquids. Their nature 
differs considerably from those which have been examined in the past by 
any kind of conventional macrocalorimetric method. In this respect 
microcalorimetry has opened a wide field of application which had never 
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been considered to be associated with microthermal investigations. New 
applications, including those which are associated with nuclear transforma- 
tions or with cosmic radiation, are to be expected. Recognirang the 
importance of these applications, the writer has discussed some technical 
problems (§ § 85, 86) which may be found valuable when new objects are 
examined. 

§ 4. Thermal Processes of Short Duration. There are many physi- 
cal, physicochemical^®' “”®*’ and physiologicaF processes which last 
such a short time that the heat exchange between the object and the calo- 
rimeter takes more time than that in which the whole amount of heat is 
developed. In those cases there is no reason to examine the shape of the 
curves as described in the previous paragraph. If such a process is to be 
examined, it is necessary to know or to find by direct experiment the time 
required for the heat exchange, so that the temperature established in the 
calorimeter after that time has passed may be considered as the final one. 

It should be emphasized that the methods employed for measuring the 
heat liberated in processes of short duration differ considerably from those 
used in processes of long duration. This statement is essential for anyone 
who is interested in choosing an adequate method for his investigation. 



Chapter II 

Calorimeter Jackets, Thermostats and 
Thermometers 

§ 5. Jackets Protected by Insulation. In numerous calorimetric 
experiments in the past, the calorimeter was placed in a jacket that was 
well insulated thermally but without temperature regulation. To 

make the heat exchange between the calorimeter and the jacket more uni- 
form, the calorimeter was placed inside one or two empty cylindrical con- 
tainers, so as to have a layer of air as insulation, and the calorimeter and 
containers were placed in a double-walled vessel filled with a large amount 
of water. This vessel was closed by a cap sealed to the vertical walls, with 
only one opening left for filling and, if necessary, for stirring the water. 
This type of jacket was used when making calorimetric measurements of 
processes which lasted a short time. It was assumed that in a short 
period of time there were no measurable changes in the temperature of the 
large jacket filled with water, and that consequently the correction for the 
heat exchange between the calorimeter and the jacket could be calculated 
by using empirical formulas based on Newton^s cooling law. 

In the first stage of the development of microcalorimetry, similar 
jackets were used for making a large number of measurements. The 
temperature was kept constant by adequate insulation of the external 
vessels. To eliminate the correction for the heat exchange of the calori- 
meter with the surrounding vessel, twin microcalorimeters (§ § 28, 31, 32) 
were employed and the so-called compensation method was applied. This 
was one of the modifications of the method of comparative measurements, 
which played and still plays the most important role in microcalorimetry 
(see Chapter III). 

Progress of outstanding importance was made in microcalorimetry 
when the insulated jacket was abandoned and either the isothermal or 
adiabatic jacket was adopted.®’ 

§ 6. Adiabatic and Isothermal Calorimeter Jackets. The possi- 
bility of measuring the heat evolved by thermal processes of long duration 
was assured after adiabatic®® or isothermal jackets were employed. In 
fact, the use of those jackets made it possible to keep the heat gains or 
losses of the calorimetric system under strict control. The terms isothermal 
and adiabatic indicate that in one case the temperature of the jacket is 
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kept constant and in the other it is changed so that the temperature of the 
jacket will be equal to that of the calorimeter throughout the experiment. 
If such equality of temperature is maintained for an arbitrarily long time, 
no heat exchange takes place between the calorimeter and its surroundings; 
thus the thermal process is kept under strictly adiabatic conditions. 

To be specific it should be emphasized that because of the limited 
thermal conductivity of the calorimeter as a whole, the possibility exists ^ 
that inside the calorimeter the distribution of temperature may be such 
that in the center the temperature may be higher than on the surface 
(see Figure 49). In that case the temperature of the jacket should be 
maintained the same as at the surface of the calorimeter. In this way, 
it will be assured that there will be no heat exchange between the calorim- 
eter and the jacket. If an endothermal process is under investigation, 
the temperature in the center of the calorimeter may be lower than at its 
surface. In this case also the equality of the temperatures of that surface 
and of the jacket is the essential condition for maintaining the ^‘adiabatic 
course’’ of the measurement. 

An isothermal jacket is used in all cases in which it is necessary that the 
calorimeter be surrounded by a uniform and constant temperature. The 
calorimetric methods in which isothermal jackets ai*e used are so different 
that no definite rule can be given for conducting the measurements. In 
all cases one condition is essential : the constancy of the temperature in the 
jacket must be maintained with the smallest possible fluctuations from the 
average temperature (§ § 8, 9, 10). 

§7. Constant-temperature Room. Independently of whether an 
adiabatic or an isothermal jacket is used for thermal protection of the 
calorimetric system, it is important to locate the whole apparatus in a 
constant-temperature room. A number of descriptions of how a constant 
temperature may be maintained in a room may be found in the literature. 
Usually it is important to have either a considerably lower or a slightly 
higher temperature in the room than in the rest of the building. In 
laboratories adapted for microcalorimetric measurements the bcvSt solution 
is to have a constant temperature which is slightly higher than that of the 
surrounding rooms. 

Below a description is given of a constant-temperature room used for 
microcalorimetric measurements in the Physicochemical Laboratory at 
the Institute of Technology, Warsaw, Poland. The temperature fluctua- 
tions in that room did not exceed ±0.1®; Uvsually they were of the magnitude 
of ± 0.05°. That constancy of temperature could be maintained for weeks. 

To make the fluctuations of the temperature in the room as small as 
possible it was necessary to fulfill the following conditions: (1) the temper- 
ature in the constant-temperature room should be at least 3 to 5° C higher 
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than that of the rest of the building; (2) the heat supplied by the electric 
heater attached to the thermoregulator should be large enough to compen- 
sate the heat losses in the shortest time possible. Under these conditions 
it was possible to have two persons in the room for an indefinite period of 
time and three persons for several minutes. 

In Figure 5 the scheme of a constant-temperature room adapted for 
microcalorimetric measurements is presented.'®® The room did not have 
any windows and only one door connecting it with the hall. Along the 
walls of the room the wire of the electric heater, EBB, was fastened so as 



Figure 5. Scheme of the Constant-Temperature Room for 
Microcalorimetric Measurements. 


to assure a unifornl heating of the whole space. The thermoregulator, 
AAA, consisted of an iron pipe containing three kilograms of mercury. 
This pipe was fastened also along the three walls of the room, sufficiently 
far from the electric heater. In that way the thermoregulator was 
influenced by the average temperature in the whole room. The air in the 
room was thoroughly circulated with a fan located nine feet above the floor. 
The relay of the thermoregulator used an electric current which did not 
exceed 12 milliamperes. Because of this small current, the mercury-steel 
needle contact (§ 8) of the relay could function for a long time without 
being contaminated. 

It should be pointed out that, in spite of the fact that the constancy of 
0.05 to 0.10® was usually maintained for a number of days or weeks, the 
average temperature in the room changed slightly from time to time, so 
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that over long periods of time small increases or decreases in the average 
value could be noticed. For instance, for several days the average was 
25.24° 0.05° and then another value, 25.26° :*= 0.05°, for the next several 
days. These slight changes in the average temperature of the room did not 
have any undesirable influence on the measurements themselves, which 
usually were completed in a relatively short time. 

In Figure 5 it is shown that a thick curtain, C, separated the door from 
the room. The thermoregulator, P, was usually located in the vicinity of 
the calorimeter jacket, which is not shown in the figure. 

§ 8. Thermostats Used in Microcalorimetry. It is not the purpose 
of this book to give a survey of the improvements made in building thermo- 
stats. The attempt to use a thermostat with temperature fluctuations in 
the range of ±0.001° was made many years ago.®* 

To maintain a constant temperature in a small or a large container 
was for years and still is a very important technical problem, because most 
precise physical, physicochemical and biological experiments require the 
temperature of the object to be constant at the moment when the readings 
or any other kind of observations are made. For instance, the measure- 
ment or direct comparison of the length of two standards, barometric 
readings, the measurement of electromotive forces and the examination of 
any kind of equilibrium established in a system should be carried out at a 
known and constant temperature. New ideas which give hope of reach- 
ing a constancy of temperature far exceeding that of ± 0.001° have had 
very restricted application.^^** 

Three essential parts are required in any kind of thermostat: the 
thermoregulator, the relay, and the heater. If the fluctuations should not 
exceed ±0.001°, it is necessary to take into consideration all secondary 
phenomena which can make it impossible to attain such an accuracy. 

Let us examine the most typical eqiupment used for thermostats and 
see the phenomena which may prevent its proper functioning. We may 
start with the thermorcgulator. If the thermostat is large enough, there 
is no limitation in using a large amount of mercury or of mercury and 
toluene as the liquid with which the container of a thermoregulator is 
filled. For instance, the volume of 1600 ml of toluene is large enough to 
assure sufficient changes in volume to control the temperature within 
± 0 . 001 °. 

The shape of the container play^ an important role. To measure the 
average temperature of the thermostat and to be positive that the stirring 
mixes the liquid in the thermostat properly, it is important that the con- 
tainer of the thermoregulator be similar to that shown in Figure 6. It 
consists of a number of vertical tubes sealed at one end and attached by 
the other to a horizontal (slightly inclined) tube. To that tube another 
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Figure 6. Thermoregulator Filled With Toluene and Mercury. 


vertical tube, T, with bending, D, is attached. The whole thermoregulator 
is Med with toluene and the bent tube, D, is filled with mercury (part Zj). 
D is provided with a ground joint. To the male joint capillary tube K is 
attached and the end of the capillary tube is joined with the metallic tube. 
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0, with micro-screw 0, All metallic parts are made according to the 
description given by W. D. Harkins and F. E. Brown.®® 

The platinum needle used by the writer and his collaborators was 0.2 
mm thick. It was attached to micro-screw, (?, and could be moved in a 
capillary tube, K. Special attention should be paid to the proper con- 
struction of this needle. S. Kambara and M. Matsui®® have proved that 
the needle should be thin, to avoid sparking. However, if it is too thin, 
it is difficult to keep it in the central position, especially when moving it 
by means of the screw. To avoid this inconvenience it is necessary to 
provide the needle with a glass bead. Good results have been observed 
when the bead was fastened 5 mm above the end of the needle. 

According to Harkins and Brown, iron or nickel needles may also bo 
used, because mercury does not adhere to those metals. It has been 
pointed out by the same authors that iron and nickel needles work better 
than platinum because of a certain time-lag which often takes place when 
platinum needles are employed. To avoid corrosion of iron or nickel, a 
constant stream of an inert gas should be passed through the place of 
direct contact of the needle with the mercury. The corrosion may be 
reduced considerably by decreasing the intensity of the electric current 
in the thermoregulator circuit. This condition is essential for any kind of 
needle, and it can be fulfilled easily by using a relay reducing the current 
to one or two milliamperes. 

The diameter of the capillary tube K (Figure 6) cannot be smaller 
than 0.8 mm. If the capillary tube is too thin the mercury stem within it 
may be broken. 

The average temperature in the thermostat may fluctuate because of 
the effect of changes in pressure, both atmospheric and hydraulic, on the 
volume of the thermoregulator. For this reason the level of the water in 
the thermostat should be kept constant, and the walls of the thermoregu- 
lator should be made as thick as is consistent with adequate sensitivity. 

To reduce the electric current in the thermoregulator the relay should 
be provided with an arrangement similar to that used in radio receivers. 
A number of these relays are described in the literature. The writer and 
his associates used with success a relay similar to those described by P. van 
Campen,^* D. J. and J. J. Beaver,^® and T. J. B. Stior®®. It was built by 
E. Jurkowski,^®® who introduced some improvements in the scheme (Figure 
7). It consists of the following parts: Ri and rheostats one megohm 
each; jBs, thousand-ohm rheostat; /?4, twenty thousand-ohm slide rheostat; 
iJs, thirty-ohm slide rheostat; Ci, 20,000-cm condenser; C2, 0.5 microfarad 
block condenser; C3 and C4, two microfarad block condensers; Cb, one micro- 
farad block condenser: Vi, normal thirty-milliampere anode tube; ^2, normal 
twenty-five milliampere anode tube; (both of these tubes are forjin anode 
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potential of 250 volts and for a heating potential of 4 volts); Ti, trans- 
former 120/220 volts (working at 2x2vx2.5A; 4vx0.6A; anode coils 
30 millian}pereX330 volts); Tj, transformer 220/5 volts; P, line commuta- 
tor 120/220 volts; G, electric heater; R, relay; Si, signal light tube (green) ; 
Si, fflgnal light tube (red); T, thermoregulator. 

In this relay another small but important improvement was made, 
namely, an electromagnetic coil with a yoke and a movable block to move 
the mercury-neon commutator. This arrangement was built by W. 



Swidzinski for another apparatus; thereafter it was employed in all relays 
used by the writer and his collaborators. 

The relay functions in the following manner. When the circuit of 
triode, Vi, is closed, which happens when the nfeedle of the thermoregulator 
touches the mercury^ the triode screen has a negative charge, caused by 
the fall of voltage along resistance, Ri. As a result, the normal current in 
the anode circuit, in which relay R is included, is decreased. The block of 
the relay falls and shuts off circuit line, R-G. If the screen circuit remains 
open, the net is charged more positively and the anode current increases 
because of the change to the right of the worldng point on the character- 
istic of the triode. Then the block of the relay is pulled up and the heat- 
ing circuit in line R-G\a closed. 

Quivering of the mercury may cause some pulsations of the relay. 
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This can be avoided by blocking the thermoregulator with a capacity con- 
denser, Cl. The latter causes a certain time lag, which has a favorable 
influence in the proper functioning of the relay. By changing the capacity 
of condenser, C i, the time lag can be regulated easily, to avoid pulsation of 
the relay. 

In Figure 8 a simple relay is shown, which was used for the constant- 
temperature room thermoregulator (§ 7). The letters in the figure stand 
for: B, safety plug; mA, milliammeter; Tr, thermoregulator plug; T, trans- 
former 220/8; R, relay; Nj mercury-neon commutator; S, signal lamp; G, 
plug for the electric heater. 



Figure 8. Relay for Constant Temperature Room Thermoregulator. 


The size, location, and insulation of the electric heaters play an impor- 
tant role in the proper functioning of the thermostat. No general rules 
can be given as to all details because they depend largely upon the temper- 
ature changes in the room and on the size of the thermostat. For precise 
microcalorimetric measurements it is important to have a large thermostat 
(for instance, 300-350 gallons), proper stirring of the water in it, and a 
constant-temperature room. The temperature in the thermostat should 
be slightly higher than the average room temperature, so that most of the 
time the electric current is heating the thermostat. If the surface of the 
water is not covered with paraffin oil, large heat losses are caused by 
evaporation. Experiments have shown that it is more convenient to 
compensate these losses by heating the thermostat than to cover the sur- 
face of the water with oil. In fact, the proper functioning of the thermostat 
requires such an energetic stirring that it is rather difficult to keep a thin 
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layer of oil on the surface. Very often this layer is destroyed, small drops 
of the oil are dispersed below the surface, and a large portion of the surface 
of the water remains uncovered and is vaporized. 

In order to make the functioning of the thermoregulator more regular, 
two electric heaters may be used, one functioning all the time without 
interruption, the other connected to the thermoregulator. In such an 
arrangement the first heater compensates most of the heat losses resulting 
from radiation and evaporation of water from the thermostat. The second 
supplies small quantities of heat which are not compensated by the first 
heater. 

One of the most important factors is to decrease the time lag of the second 
heater to the largest extent possible. The insulation of that heater plays 
an important role in decreasing large fluctuations of the temperature in the 
thermostat caused by the time lag. Fortunately, there are now available 
electric heaters with such a thin layer of insulating material that both the 
negative and positive deviations from the average temperature in the 
thermostat may be made small and are not far from being symmetrical. 
The deviations become larger and less symmetrical if the insulation is too 
thick. In that case the rise of the temperature in the thermostat is noticed 
a few seconds later than in the case of thin insulation. In addition, the 
temperature increase is larger, in spite of the proper functioning of the 
relay. 

Proper stirring is a very essential factor; therefore, blank experiments 
should be made to see how long it takes to reach uniformity of the temper- 
ature, if that uniformity was purposely disturbed. 

Preliminary experiments with the thermostat are important because 
its proper functioning depends on several factors. Before starting any 
microcalorimetric measurements it is necessary to get all information 
concerning the functioning of the thermostat. This examination should 
consist in placing a calorimetric thermometer in the thermostat and carry- 
ing out a long series of temperature readings to establish: (a) the average 
temperature of the thermostat; (6) the average period of time in which the 
whole temperature wave with one maximum and one minimum temperature 
is observed (see Figure 10) ; (c) the shape of the positive and the negative 
parts of the curve, forming together one temperature wave; (d) the uni- 
formity of the temperature in the thermostat; (e) the susceptibility of 
the thermoregulator to changes in atmospheric pressure. 

If the fluctuations are too large or if the duration of the wave is too 
short, it is important to change the conditions under which the thermo- 
regulator is working. Usually the most essential change consists in 
adjusting the current in that heater which functions permanently, so as to 
compensate the heat losses caused by vaporization of water and by radia- 
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tion. In some cases it is more convenient to increase the temperature in 
the constant-temperature room, to decrease the radiation of the thermo- 
stat. If the humidity in the calorimeter room can be kept high and 
constant, the permanently working electric heater can be removed and 
the room temperature kept higher than that of the thermostat. The heat 
gained by the thermostat from outside then compensates the heat loss 
caused by evaporation of water from its surface. There is, however, the 
danger that occasionally the temperature of the thermostat may become 
so high that the thermoregulator is put out of action. 

High maxima lasting short periods of time should be considered as 
an indication that the electric current is too strong or that the insulation 
of the heater is too thick. This means that the time lag of the heater is 
too large. If decreasing the electric current passing through the heater 
does not produce a decrease in the height of the positive maxima, or if that 
decrease is still too small, this should indicate that the insulation is too 
thick and is respon.sible for the thermostat not functioning properly. 

The lack of uniformity of temperature inside the thermostat is another 
defect in that apparatus. It is caused by an inadequate stirring of the 
liquid in the thermostat. To examine the uniformity, two Beckmann 
thermometers or a sensitive thermocouple, preferably with several thermo- 
junctions, may be used and a series of observations made to prove that, at 
least in the central part far away from the heater, no differences in temper- 
ature can be noticed. If the temperature in the thermostat is to be 
constant within ± 0.001° the differences should be kept smaller than 0.001°. 
Exception should be made for that part of the liquid which is close to the 
heater. 

For proper mixing a number of stirrers have been described, quite dif- 
ferent in shape and in stirring capacity. Some of them are very effective 
but produce relatively large amounts of heat. For this reason these 
stirrers should be considered as pei-manently functioning heaters. If they 
stop functioning, even for a short time, they may disturb the work of the 
thermoregulator so that the thermostat may be put out of action for some 
time. This is highly undesirable, especially if the measurement lasts for 
a number of hours (§ § 67, 78, 79, 80, 95, 99). 

A definite answer should be given to the question: Does the danger 
exist that the stirrer may produce an amount of heat great enough to raise 
the temperature above the average of the thermostat? In that case the 
functioning of the thermostat will be entirely disturbed because the thermo- 
regulator will be put out of action. 

The writer and his associates used a large thermostat provided with 
three propellers on vertical shafts, arranged in a row. The two outside 
propellers revolved in one direction while the middle one revolved in the 
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opposite direction. All of them made from 60 to 80 revolutions per minute. 
Direct experiments proved that their functioning could not compensate 
all heat losses of the thermostat. 

§ 9. Multi-jacket Thermostats. Tian^'^ was the first to suggest 
locating the thermostat in the center of a system composed of several 
jackets placed one in another to assure constancy of temperature. Accord- 
ing to Tian’s idea, each of the jackets should be thermally insulated from 
outside and filled with water or, generally speaking, with a liquid. Only 
the outside container should be provided with the thermoregulator and 
relay. In principle this is the only jacket which is subject to the direct 
exchange of heat with the surrounding room and the air in it. 

Tian examined the conditions of heat exchange between all the vessels 
located one in another and he proved that in a three-jacket system the 
temperature fluctuations in the central thermostat are very small. 

There are, however, some inconveniences associated with the multi - 
jacket thermostat. First, it takes a long time for the whole system, 
characterized by a very large thermal inertia, to reach thermal equilibrium. 
To avoid this it seems desirable to use an electric heater to establish in 
advance in the central vessel the temperature expected to be the final one, 
corresponding to the equilibrium between the inside and outside jackets. 
Under these conditions the equilibrium can be established in a much 
shorter time than if the system had to reach that equilibrium by direct 
slow heat exchange between all the vessels. Another inconvenience is 
associated with small variations in the average temperature of the outside 
vessel, caused either by very small changes in the volume of the thermo- 
regulator (filled with mercury or with mercury and toluene) or by secondary 
phenomena taking place in the capillary tube (X, Figure 6) where the needle 
touches the mercury surface. This may be explained in the following way. 

Let us assume that after a long time the average temperature, 26.32° C, 
which has been established everywhere, undergoes slight change and 
becomes 26.41° C. If such a shift occurs, the whole system has to readjust 
its thermal equilibrium; therefore the heat exchange proceeds until the 
temperature in the whole system reaches its new level. If several hours 
or one day later there is a new change in the average temperature, the 
thermal equilibrium may be disturbed once more, even before the system 
has reached its new equilibrium occasioned by the first slight shifting of 
the average temperature. If such small variations in the average temper- 
ature of the outside thermostat cannot be eliminated, it may happen that 
the central system will never reach any permanent state of equilibrium and 
will be subject to small fluctuations of temperature, each of them extend- 
ing a long period. 

In all the cases described by Tian,^^® the fluctuations of temperature in 
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the outside vessel were considerably larger than those which can be per- 
mitted in a thermostat adapted for microcalorimetric measurements. 
However, the fluctuations in the central container were very small indeed. 
Tian was right in calling his multi-jacket thermostat a thermal damping 
system. In fact, the temperature fluctuation waves penetrate into the 
deeper portion of the thermostat, losing amplitude steadily. The maxima 
and the minima tend to disappear even before reaching the central jacket. 
There may be found a place where the amplitude of that wave is entirely 
extinguished. Because of that, if an adequate number of vessels, located 
one in another, is used, the temperature may really remain constant in the 
central container in which the microcalorimeter is located, if the vessels 
are large enough, and if the average temperature in the outside thermo- 
stat does not undergo any change. 

The writer could not find any evidence that Tian himself used such a 
thermostat for precise microcalorimetric measurements; Ward,^^® however, 
made use of such a thermostat. He succeeded in maintaining the temper- 
ature constant in the central part of the thermostat with an accuracy of 
0.000002°, which had never been achieved in any investigations in the 
past. Ward^s microcalorimetric measurements relate exclusively to 
thermal processes of short duration. This circumstance facilitated the 
establishment of a very constant temperature for the completion of the 
measurement. Hope is expressed that Tian^s sound idea will be fully 
utilized in examining processes of long duration, and that the inconven- 
iences associated with thermal inertia and oscillations of temperature caused 
by small and slow changes of the average temperature of the thermostat 
may be overcome. 

§ 10. Precise Determination of the Average Temperature of the 
Thermostat. In a number of microcalorimetric measurements (Chapter 
IX, § § 78, 79) the difference between the temperature of the calorimeter 
and that of the thermostat should be determined with the highest precision 
possible. For this reason any regular or irregular fluctuations which take 
place in the thermostat cause direct errors, or at least necessitate the calcu- 
lation of a correction for the average temperature of the thermostat. Con- 
sequently, the precise determination or the elimination of that correction 
plays an essential role, in those measurements. If the temperature of the 
thermostat shows regular fluctuations with typical positive and negative 
deviations from the straight line, the ordinate of which is the average 
temperature of the thermostat (see Figure 10), direct observations may 
lead to the determination of the position of that straight line. M. Lazniew- 
ski found another solution to that problem. This solution is essential for 
certain microcalorimetric methods because it not only saves time, making 
observations of the fluctuation curve unnecessary, but guarantees accurate 
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and direct temperature readings, eliminating the calculation of any cor- 
rection. It is interesting to note that his idea is somewhat similar to that 
on which Tian’s multi-jacket thermostat was based. In fact, it is an 
oscillation “damper,” as is Tian’s thermostat (§ 9).- In Figure 9 a scheme 
of a somewhat modified arrangement of Lazniewski’s device is shown. 



Figure 9. 

Device for Measuring the 
Average Thermostat Tempera- 
ture Based on Lazniewski^s Idea. 


Let us suppose that metallic sphere A is suspended in the middle of 
an elongated glass vessel, D. This sphere is insulated by a layer of a poor 
thermal conductor,, B, which is covered by a thin metallic sphere, C, with 
a well polished outside surface to assure the proper reflection ofradiations. 
In the center of A, one contact of a thermocouple (or several, if a thermopile 
is used) is located; the other (or the others) is fastened near the outside sur- 
face of the calorimeter (§ 77, Figure 44). This arrangement is immersed 
in the thermostat. Lazniewski gave the theory of the functioning of his 
device, proving by direct experiments that, after thermal equilibrium 
between the thermostat and the device has been reached, no fluctuations 
in the center of sphere A can be observed. The following simple explana- 
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tion is given to show under what conditions the idea suggested by Lazniew- 
ski is justified. 

In Figure 10 the temperature-time curve which characterizes the 
functioning of a thermostat is shown. Generally, this curve is never 
symmetrical with respect to its positive and negative deviations. The 
“degree of asymmetry” and the shape of the maxima depend largely upon 
the functioning of the thermoregulator, the heater, its insulation, and the 
intensity of the current in the heater. In spite of that asymmetry, the 
fundamental condition 'should be fulfilled, namely, that the areas of the 
positive deviations shown in the graph should be equal to the areas of the 
negative deviations. If this condition is disturbed, a steady increase or 
decrease of the temperature in the thermostat will occur. The equality 
of heat gains and losses in the thermostat during one “fluctuation wave” 
is essential for the proper functioning of the device shown in Figure 9. In 
fact, during the positive deviation of the temperature in the thermostat, 

Figure 10. 

Temperature-Time Curve 

Characterizing the Function- 
ing of a Thermostat. 

only a very small amount of heat is transferred to the insulating material 
(layer B) by radiation and conductivity through the air still remaining in D. 
During heat losses by the thermostat, sphere C radiates some heat, because 
at that time its temperature is somewhat higher than that of the thermo- 
stat, which is in its '^negative deviation^' phase. These small heat gains 
and losses originate very small temperature fluctuations in the insulating 
layer (B). Its thickness should be large enough to extinguish the temper- 
ature waves following each other and having opposite signs in their ampli- 
tudes. If this condition is fulfilled, the central part of the device is entirely 
protected against any temperature fluctuations: its temperature remains 
constant. 

It is quite possible that, if the fluctuations are greater than 0.001 or 
0.002°, the temperature in the center of sphere may undergo very small 
fluctuations. That is not the case in microcalorimetric measurements in 
which thermostats with precise temperature regulators are used. 

As was previously pointed out, Lazniewski tried to establish a theo- 
retical basis for predicting in advance whether or not temperature fluctua- 
tions larger than the error in temperature readings might be expected. This 
should depend upon the thermal protection of the sphere (A in Figure 9), 
upon its cooling constant, upon the temperature fluctuations of the thermo- 
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stat, and upon their amplitude. In practice, it is important to have direct 
proof that the device is functioning properly. For this reason it is recom- 
mended that a direct experiment be made which would determine definitely 
whether fluctuations in temperature take place in the device. This experi- 
ment consists in placing two devices in the same thermostat, one more pro- 
tected from heat gains or losses, the other less protected. They should be 
connected with each other so that their temperatures can be compared. 
In addition, another arrangement should be made so as to measure the dif- 
ferences between the actual temperatures in the thermostat and inside 
both of those devices. If direct comparison does not show any difference 
in temperature and if identical temperature -time curves are established for 
the thermostat, it may b6 concluded that both temperature fluctuation 
dampers function properly. 

It should be emphasized that in Lazniewski’s experiments no layer 
of insulation {B in Figure 9) was used and the spheres, 2 cm in diameter, 
were in one case of silver, in another of copper. Both functioned very well. 
The invasion of Poland interrupted all experiments then under way and 
no publication appeared on the subject described in this paragraph. 

The writer and his associates did not use any device for regulating the 
rate of heating of adiabatic jackets, llecently, however, a number of 
papers have been pubhshcd on the subject of regulating automatically the 
temperature in the jacket in order to maintain the adiabatic conditions of 
calorimetric measurements.^®- ^ In all the devices the photoelectric cell 
is used so as to discover any difference in temperature of the calorimeter 
and the jacket. 

Independently of whether an automatic device or a regulation of the 
temperature by .the experimenter himself is used, the adiabatic jacket 
should be provided with an adequate stirrer, and one or two electric heaters. 
It is important to have a coohng device so that the water in the jacket can 
be cooled to any desired temperature before the experiment starts or dur- 
ing the experiment if the rate of heating is regulated by the experimenter 
himself. 

Automatic devices have been described also for carrying out experi- 
ments in which endothermal processes can be examined.®® 

If the regulation of the temperature is made by the experimenter, it 
is essential to complete the measurement in a reasonably limited time. 
Usually, the time ranges from 3 to 5 hours. In exceptional cases the 
experiment lasts 10, 15, and even 24 hours. In those cases several experi- 
menters work in two or sometimes in several shifts. 

In a number of adiabatic microcalorimetric measurements carried out 
at Warsaw and at the Curie Radium Institute in Paris, cylindrical adiabatic 
jackets were used which contained from 100 to 150 liters of water. It 
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was found convenient to use air saturated with water vapor for stirring. 
If two electrical heaters were used, one was for a rapid rise of temperature, 
the other for small increases. The jacket was provided with a spiral of 
metallic tubing through which cold water, usually taken directly from the 
line, could be passed so that any desired decrease of temperature could be 
produced. 

In most adiabatic microcalorimetric measurements the temperature 
increases are small. Ordinarily they are of the order of 0.1 to 0.2*^ per 
hour, but in many cases they are considerably lower than that. It is not 
difficult to maintain such a rate of heating the jacket, and deviations from 
the adiabatic course of the measurement are usually very small and last 
not more than several seconds. They should be noted each time so that 
the correction for the heat gains and losses they cause can be calculated. 

§ 11. Electrical Resistance and Mercury Thermometers Used in 
Microcalorimetry. In a munber of microcalorimetric measurements the 
accuracy of the measurement depends largely upon the precision with which 
the determination of very small temperature increases or decreases can be 
made.® The nature of the thermal processes and the size of the objects 
usually make it impossible to employ any other devices for temperature 
readings than thermocouples. In a number of cases^^> 
thermopiles with a large number of thermojunctions are used. In spite 
of this restriction, electrical resistance thermometers and even calori- 
metric mercury thermometers are still employed. These thermometers, 
however, are used exclusively for measuring the temperature of the iso- 
thermic or adiabatic jacket. In exceptional cases electrical resistance 
theremometers have been employed in direct contact with the microcalorim- 
eter. Such an arrangement may be used in those calorimeters in which 
the compensation method is applied where the heat produced by the electric 
current cannot be a source of error (§ 31). In all other cases it is rather 
dangerous to employ resistance thermometers because the heat produced 
by the object is sometimes of the same magnitude and, in a number of 
thermal processes, much smaller than the heat produced by the electric 
current passing through the resistance wire of the thermometer. 

The calorimetric mercury thermometers are too large, and their stems 
extend too far to be located inside the microcalorimeter. They are, how- 
ever, employed very often for measuring the temperature changes of iso- 
thermic and adiabatic jackets. They are in general much more convenient 
than electrical resistance thermometers because the change in temper- 
ature is measured directly and the experimenter can act immediately upon 
noticing an undesirable change in temperature. This is very essential for 
maintaining a strictly adiabatic course of temperature changes if no auto- 
matic regulation of the temperature in the jacket is employed. In a 
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number of cases in which isothermic jackets are used (§ § 77, 78, 79, 
89-100), electrical resistance thermometers are very useful. 

As to mercury thermometers, it is difficult to expect new, far-reach- 
ing improvements that will increase considerably the precision in measur- 
ing small temperature changes. So-called Ultra-Beckmann thermometers 
have not shown any substantial improvement in that respect. It should 
be emphasized, however, that as yet they have not been built for the pur- 
pose of measuring small temperature changes in a thermostat. It is 
believed to be important not to increase the volume of the thermometer 
bulb beyond certain limits. The walls of that bulb were made so thin 
in the past that the changes in the volume of the bulb were mainly 
responsible for irregularities in temperature readings. In a large thermo- 
stat, in which the constancy of =*=0.001° is maintained, the thermometer 
lag plays a much less important role; hence the structure of both the bulb 
and the capillary may be readjusted to the special conditions governing 
the thermometer in a thermostat used in microcalorimetry. At any rate 
it should be kept in mind that the corrections for the retardation in temper- 
ature measurements caused by the thermal inertia of the thermometer do 
not play a substantial role. 

It should be expected that some improvements may be introduced in 
both the electrical resistance and the mercury thermometers which are 
especially adapted for microcalorimetric measurements and for thermostats 
in which a constant temperature is maintained for a long time. 

§ 12. Thermocouples and Thermopiles. As far as recent experi- 
ments show, the use of thermocouples or thermopiles is unavoidable. They 
are employed for several different purposes. If twin microcalorimeters 
(§ § 29, 30, 31, ^2) are used and the compensation method is applied, they 
serve for direct proof that in both calorimeters the rates of temperature 
increase are the same, or show only small differences. In most cases, 
however, and especially in processes of long duration, thermocouples serve 
to measure the difference between the temperature of the calorimeter, or 
that of its surface, and the temperature of the jacket (§ § 78, 79, 89, 90, 91). 
If an adiabatic jacket is employed, thermocouples are used for maintain- 
ing the identity of temperatures of the calorimeter (or of its surface) and 
of the jacket (§ § 58, 59, 60). Finally, when measuring the heat developed 
by an object in a thermal process of short duration, thermocouples are 
used for direct determination of the temperature increase due to that 
process (§ § 50, 53, 54). 

The number of thermojunctions varies from two to as many as one 
thousand and even more. It largely depends upon a great many specific 
conditions under which the microcalorimetric measurement is carried out. 
For this reason, no rules can be given as to the type and the number of 
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thermojunctions which should be used in any particular case.^"’ 

For successful microcalorimetric measurements it is essential to have the 
proper skill in handling thermocouples and galvanometers. Special train- 
ing in this field is advisable for anyone who wishes to carry out microcalori- 
metric measurements. One general suggestion should be added. In any 
case in which thermocouples are used, it is essential to fix all the junctions 
and even the conducting wires at least one day before starting the measure- 
ments. Any bending of the conducting wires just before the readings may 
affect the result of the measurement. It is essential to maintain both the 
galvanometer and the conducting wires at a constant or at least at a 
precisely known condition of temperature. 

§ 13. Galvanometers. The variety of high-precision galvanom- 
eters'**- is so great that it is impossible to recommend definitely 

one or even several types in preference to the others. Generally, galvanom- 
eters are used for direct readings of temperature differences and as zero 
instruments, i.e., for proving that there is no current in the circuit in 
which the thermocouple or the thermopile is included. In the latter case, 
it is possible to have only one circuit, and no potentiometer is required. 
If differences of temperature are measured in numerous cases, a potentiom- 
eter should be used. For those who start their research work in micro- 
calorimetry, it would be advisable to take a practical course in how to 
handle precise galvanometers and, especially, in how to get optimum results 
when using an adequately chosen galvanometer. The papers published 
by A. F. H. Ward,“® A. Tian,''* W. P. White,'“' and especially Gucker 
and his associates^* and Hill*' should be recommended to those who are 
pla.nning to carry out microcalorimetric measurements. It is advisable 
to choose first the method to be used and then to decide what kind of 
galvanometer should be installed. 



chapter III 

Method of Comparative Measurements 

§ 14. Comparative Measurements in Physics. The fact is well 
known that in physics the method of comparative measurements has been 
generally accepted and employed in everyday practice for many years. 
The national and international bureaus of measures or standards have 
standards of the meter, kilogram and other units. These are called 
physical standards. When being used they undergo physical changes, for 
instance, their temperature or volume may change; but after the measure- 
ments have been completed and the standards have been stored in a pro- 
tected place, they return to their former state. Generally speaking, they 
remain practically unchanged. 

§ 15. Method of Comparative Measurements in Physical Chem- 
istry.i®^ No evidence can be found in the literature that before 1917 the 
general idea had ever been discussed of using ‘^physicochemical standards'* 
in a somewhat similar way as the physical standards are used in physics. 
There is no doubt that in numeroi^ branches of physical chemistry, 
especially in radiology^®* and even more often in analytical chemistry, 
the method of comparative measurements has been used for years. For 
instance, pure reagents have played the role of reference substances with- 
out being recognized internationally as being either physicochemical or 
analytical standards. The term “physicochemical standard" was often 
used without precise definition.^®^ 

In 1919, under the auspices of the International Union of Chemistry, 
the International Bureau of Physicochemical Standards was created 
since then, it has been generally understood that any substance character- 
ized by a high degree of purity and employed as a reference substance for 
any kind of experiment or measurement may be called a “physicochemical 
standard." 

Nobody has raised the question: What is the difference between that 
substance and any other which is also pure and may be used for any kind 
of physicochemical experiments? 

§ 16. Comparative Measurements in Thermochemistry. In 1914 
the question of the necessity of establishing an internationally recognized 
standard arose suddenly and perhaps even accidentally. This standard 
was suggested by>a thermochemist for use in thermochemistry.^®®' It 
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is not without reason that a brief history of the development of that idea 
is given in a book dealing with microcalorimetry. 

The fact is well known that in 1869 the famous French scientist, M. 
Berthelot, invented a new method for measuring the heat of combustion of 
organic substances. He used the so-called calorimetric bomb in which 
organic substances could be burned in oxygen under a pressure of from 25 
to 35 atmospheres. The experiment seemed to be so simple and the results 
so precise that for years nobody suspected that the absolute determina- 
tion of the heat of combustion required the introduction of at least twenty 
corrections.^®* 104 three or four of them were taken into 

consideration. Sometimes the thermometric corrections were also made. 

The calorimetric bomb method required the precise determination of 
the energy equivalent of the whole calorimetric system, including the bomb, 
which was made of a number of quite different materials. Berthelot 
ordered the bomb maker to provide him with the exact weights of all of 
the materials used for constructing the bomb. In addition, on his request, 
a sphere was made of the same steel used for the bomb, so that the heat 
capacity of the steel could be determined separately. He was then con- 
vinced that the problem of calculating the energy equivalent of his bomb 
was solved once and for all. 

In 1914 the author of this book disclosed^®^* that Berthelot made a 
considerable error in determining the heat capacity of the steel. Instead 
of measuring that capacity in the range from 17 to 21°, which was the 
average temperature at which the heat of (Combustion was measured, Ber- 
thelot used the value which corresponded to the average heat capacity of 
steel for the range 20 to 100°. It was easy to prove that this error was 
really committed, because the same error was made several years later by 
the well known Russian thermochemists, W. Louginine and P. Zoubow. 
Both of them used a calorimetric bomb made by Golaz, who constructed 
the first calorimetric bomb for Berthelot. At the time when Berthelot\s 
error was discovered, Zoubow was alive and could confirm the correctness 
of the fact that the heat capacity of steel used for calculating the energy 
equivalent of the bomb was considerably higher than the real one mea- 
sured for the range from 17 to 21°. For this reason he authorized the 
writer to recalculate^®^ his own thermochemical data so as to bring them 
in accordance with recent thermochemical figures. 

In connection with the fact that numerous thermochemical data con- 
tained systematic errors, the author undertook further investigations on 
that subject. Special attention was paid to the investigations of the 
famous German scientist, Emil Fischer, who published in 1904^® and in 
1909^^ two important papers for the purpose of eliminating the disagree- 
ment in data which existed in that branch of thermochemistry. 
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Here is a brief story of the investigations of Emil Fischer and F. Wrede. 
In 1903 Fischer asked the Physikalisch Technische Reichsanstalt to deter- 
mine the energy equivalent of his calorimetric bomb. The well known 
physicists of the Reichsanstalt, W. Jaeger and H. Steinwehr,“ decided to 
use the electrical method for measuring that value for the whole calorimetric 
system. A very precise electrical resistance thermometer was used and all 
thermometric corrections were made. In spite of this, some criticism 
could be raised with respect to the method used by Jaeger and Steinwehr. 
With this method the heat equivalent of the solid parts of the calorimetric 
system could be measured with an accuracy from 7 to 8 times lower than 
that with which the energy equivalent of the whole system, including a 
large amount of water, was determined. One might ask why the heat 
capacity of water had to be measured, if in principle it was possible to 
carry out the combustion so as to produce a rise of temperature from 14.5 
to 15.5°. In that case the heat capacity of water is equal to unity, and 
there is no need to measure the energy equivalent of that part of the calori- 
metric system. For that reason other authors^®’ used methods in which 
the energy equivalents of the solid parts of the calorimeter were measured 
separately with much higher precision. [Details on that subject are given 
in the writer’s book “Thermochemistry,” published in German (1928) 
and in French (1932).^®^ The reader can find there the description of 
Dickinson’s investigation, carried out in 1914 at the National Bureau of 
Standards, Washington, D. C.].** 

There was, however, another reason why the numerical data published 
by Fischer and Wrede in 1904^“ could not be accepted.*®* In spite of the 
fact that the determination of the energy equivalent of the calorimetric 
system was ma^e by highly skilled scientists of the German bureau (P. T. 
R.), an unexplained error committed in this investigation made Fischer and 
Wrede’s values too high. It took another three years®® for Jaeger and 
Steinwehr to complete a new set of measurements in which another lower 
energy equivalent of the calorimetric system was found. Based on that 
value Fischeri* and Wrede‘“ published in 1909 and in 1910 papers in which 
the heats of combustion of naphthalene, benzoic acid, and cane sugar were 
presented; these Values were recommended to other experimenters for 
measuring the heat equivalent of their calorimetric bombs (see ref. 125). 
Six years later the writer, in collaboration with M. Popow, undertook the 
investigation,*®® having in view the determination of the heat of combustion 
of benzoic acid and the examination of the influence of numerous thermo- 
metric and calorimetric corrections on the values obtained by burning an 
organic substance in the calorimetric bomb. 

This investigation showed that without an international understand- 
ing on how to measure the energy equivalent of calorimetric systems, no 
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agreement in numerical data could be reached in that branch of thermo- 
chemistry. This idea was strengthened by the fact that the results 
obtained by the writer and by Popow^®^ obtained 

by Fischer and Wrede in their second series of measurements. The idea 
was conceived that at least the cause of that discrepancy should be found. 
For this reason, two months before the outbreak of World War I the writer 
went to Berlin to discuss the matter with Fischer personally. In the 
conversations held in May, 1914, the writer expressed the idea that benzoic 
acid should be recognized internationally as a standard in thermochemistry 
and he asked Fischer to give his support to that idea. As the result an 
agreement was reached that at the next international congress of chemistry 
the proposal would be presented by both Fischer and the writer. 

After Fischer's death (1919) the writer was free to act for himself, and he 
published in the Journal of the American Chemical Society a paper®® in which 
he insisted on the necessity of establishing a thermochemical standard for 
measuring the energy equivalent of calorimetric bombs. In 1919 he pre- 
pared a proposal on that matter. The Polish Chemical Society accepted 
it and gave its support, sending it to the International Union of Chem- 
istry.^®® At the Rome Conference of that Union a Committee on Thermo- 
chemistry was created. Finally, in 1922, the proposal was accepted by 
the International Union of Chemistry at its conference held in Lyon, 
France.^®® Since then the National Bureau of Standards, Washington, 
D. C., undertook the work of supplying scientific and industrial labora- 
tories with pure benzoic acid for the calibration of calorimetric bombs. 
The Standing International Committee on Thermochemistry and the 
International Union of Chemistry®^ published a booklet in which directions 
were given as to the use of the standard substance and how to eliminate 
most of the thermometric and calorimetric corrections, reducing them to 
three. 

In 1926, W. Jaeger and H. Steinwehr®^ published a third paper in 
which a new calibration of the calorimetric bomb was made and the heat 
of combustion of benzoic acid was given, which agreed perfectly with other 
data published at that time. 

The whole story of the establishment of a thermochemical standard for 
organic substances is given here to show how important it is to eliminate as 
far as possible thermometric and calorimetric corrections in any kind of 
calorimetric measurements. In addition, this story should be considered 
as a warning to those who underestimate the difficulties associated with the 
measurement of the energy equivalents of calorimetric systems by the 
electrical method. It may be seen that highly skilled physicists of the 
Physikalisch Technische Reichsanstalt had to repeat their measurements 
twice in order to reach an agreement with the results of measurements of 
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other investigators, who used somewhat modified methods of measuring 
the heat equivalent of the solid parts of the calorimetric system. 

§ 17. Absolute and Comparative Measurements. Considerable 
progress has been made since the establishment of the first physicochemical 
standard. In 1932 a Committee of Physicochemical Data was created by 
the International Union of Chemistry and its proposal to divide all physico- 
chemical measurements into two groups, absolute and comparative, was 
accepted by the Union at its Conferences at Lucerne in 1936 and at Rome 
in 1938.^®^ According to that division, absolute physicochemical measure- 
ments should be carried out in rare cases, and exclusively by specialists 
working at bureaus of measures and standards or in laboratories sufficiently 
adapted for high-precision measurements and provided with adequate 
facihties to express values in C.G.S. units of measure or in their derivatives. 
Comparative measurements may be made by any experimenter using 
ordinary apparatus and instruments. This kind of measurement consists 
in relating the measured value to that of the standard reference substance. 

§ 18. Comparative Measurements in Microcalorimetry. In micro- 
calorimetry the most essential problem is to perform the measurements in 
such a way as to eliminate systematic or accidental errors. The use of 
the comparative method makes it possible to avoid those errors by reduc- 
ing to a minimum the number of corrections for secondary phenomena. 
At the same time it assures that the energy equivalent of the calorimetric 
system may be determined properly. 

The sources of systematic and accidental errors are numerous, and 
they vary to a large extent from one case to another. These errors may be 
divided into three groups: (1) inadequate temperature measurements; 
(2) unchecked oi* improperly checked heat gains and losses; and (3) side 
reactions. The latter may remain imdiscovered or their positive or nega- 
tive influence on the measured value may not be calculated properly, so 
that the results may be tpo high or too low. 

The method of comparative microcalorimetric measurements may 
involve : (1) using twin calorimeters and in compensating the heat developed 
in one calorimeter by electrical energy introduced into the other; (2) carry- 
ing out two successive measurements in one calorimeter, so as to produce 
the same thermal effect by an electric current as that developed by the 
object under examination; (3) using two series of successive measurements, 
as mentioned above, with the difference that in one experiment the heat is 
developed by the object only, and in the other by the object and an electric 
current; and (4) comparing the heat liberated by the object with that 
produced by a standard substance.^^* The use of all these methods 

is described in this book, and the easiest is indicated in each particular case. 

As electrical energy is most often used for carrying out comparative 
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measurements, it is of great importance to give a definite answer to the 
question: What is the accuracy with which an amount of electrical energy 
can be measured? The opinion often expressed in this matter is rather 
too optimistic. It should be taken into consideration that the determina- 
tion of the value of the mechanical equivalent of heat has very often been 
made by measuring the heat developed by an electric current. In spite of 
the fact that a number of those measurements were made by highly skilled 
experimenters, the numerical value of that equivalent has changed very 
often in the past. It is true that the differences between the values found 
by different experimenters have become smaller in the last two decades, but 
a warning should be given to those who believe that this measurement is a 
simple one. It should be borne in mind that the experiments on the deter- 
mination of the energy equivalent of the calorimetric bomb, measured by 
the electrical method by the physicists at the Physikalisch Technische 
Reichsanstalt, were made three times, and that twice the values were found 
to be too high.®^' 

When measuring the heat developed by an electric current, four values 
should be determined and all expressed in absolute units of measure: 
(1) the resistance of the heater, r; (2) the voltage, v, or the intensity of the 
electrical current, i; (3) the time, r; and (4) the temperature increase, AT. 
In publishing the results of any microcalorimetric measurements it is 
urgently necessary to indicate clearly the precision with which each of the 
values r, v, r, and AT were determined. To avoid the necessity of measur- 
ing these values the method of twin calorimeters (see § 22) may be used. 

Special attention should be paid to the fact that the method of com- 
parative measurements offers proper results in those cases in which not 
only the energy equivalent of the calorimetric system is measured but also 
a number of corrections are eliminated. The experimenter should indicate 
the secondary processes which, according to his estimation, were eliminated 
by the comparative method employed in his experiments, 

§ 19. Temperature Measurements. In one of the previous para- 
graphs (§ 11) it was pointed out that the use of electrical resistance ther- 
mometers and so-called calorimetric mercury thermometers is restricted to 
those cases in which the temperature of the isothermic or adiabatic jacket is 
measured. As far as is known to the writer, there is only one micro- 
calorimetric method (§ 31) in which the electrical resistance thermometer 
constitutes a part of the calorimeter itself. In that case twin calorimeters 
and the compensation method were employed. 

Independently of where the thermometer is located for measuring the 
change in temperature produced by the object, it is important to avoid as 
far as possible all thermometer corrections by using the method of com- 
parative measurements, so that identical or approximately equal temper- 
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ature increases can be observed both in the main process and in that in 
which electrical energy or the energy liberated by a standard substance is 
used for compensation or direct comparison of the heat evolved. 

Since thermocouples with one, several, or a great number of thermo- 
junctions are usually employed, it is of great importance to prove that no 
accidental or systematic errors are committed because of secondary 
phenomena which often take place. This is especially true if a very small 
quantity of heat is evolved by the object. The fact that some amount of 
heat may be transferred and lost or gained by the calorimeter because of 
the large number of wires in a multi-junction thermopile is often under- 
estimated. Special attention should be paid to the fact that heat may be 
lost because of the Peltier effect. All these errors can be avoided by using 
an adequately chosen method of comparative measurements. Special 
control experiments should be conducted to prove that all secondary 
phenomena accompanjdng the temperature readings are properly checked. 

§ 20. Elimination of the Correction for Heat Gains or Losses. One 
of the most important problems the experimenter ever faces in any kind of 
calorimetric research is to check properly or to eliminate the danger of 
uncontrolled heat gains or losses of the calorimeter.^® The use, since 1905, 
of the adiabatic method*® has reduced considerably but has not entirely 
eliminated the very small heat exchange between the calorimeter and its 
jacket. In fact, even if adiabatic conditions are entirely fulfilled, there 
still remains the heat exchange of the calorimeter with the air in the space 
between the calorimeter and the jacket. This heat exchange may also be 
considerably reduced if a vacuum is established in that space. However, 
the vacuum is never complete, and a very small amount of air is heated or 
cooled by the surface of the calorimeter. The jacket contributes also in 
heating or cooling that air (§ 62). 

Experiments have proved that the correction for the heat exchange 
between the calorimeter and the jacket may be eliminated if an adequate 
method of comparative measurements is employed. In the early stage of 
the development of microcalorimetry, when well insulated jackets were 
used, the purpose of the method of twin calorimeters and thermal compensa- 
tion by electric heaters was to avoid, or at least to reduce to a minimum, 
the necessity for calculating the correction for the heat gains or losses of 
the calorimeter. Later, these jackets were practically abandoned, because 
of the superiority of isothermic and adiabatic jackets, which offer a greater 
guarantee that no uncontrolled heat exchange can take place even if the 
thermal process lasts for a long time. 

From the description given in § § 63, 64, 87, and 93 it may be concluded 
that the methods used recently for eliminating the correction for the heat 
gains or losses are more effective than ever before. This enabled con- 
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siderable progress to be made in microcalorimetry in the last two decades. 
By the proper use of the method of comparative measurements, the heat 
exchange produced by the conductivity of the wires of a multi-junction 
thermopile can also be eliminated^®* (§§ 50, 54). 

§ 21. Processes of Short Duration. If the energy equivalent of the 
calorimetric system is very small and the thermal process lasts a very short 
time, difficulties arise in applying any method to eliminate the corrections 
for the heat exchange between the object and the jacket and for any other 
calorimetric or thermometric corrections. One of the difficulties consists 
in determining whether the thermopile is functioning properly. If such a 
determination is made before the thermopile is placed in its proper loca- 
tion in the calorimetric system, the question still arises as to whether it 
functions in precisely the same manner after having been built into the 
system. Microcalorimetric measurements of the heat of adsorption 
carried out by Ward^^® (§ 53) and of the heat developed by excited nerves 
(§ 54) examined by Hill^^ are typical examples in which no conventional 
methods of comparative measurements could be used. Both these eminent 
scientists found a way of checking the proper functioning of their apparatus. 
In addition, Ward used his own method of control by dividing the adsorp- 
tion process into two steps. 

In other cases, for instance, in Lange^s®^* 65, ee, 67, es, 69 measurements of 
the heat of dilution of dilute solutions of electrol 3 d;es, the conventional 
method of comparative measurements could be used and the functioning 
of the thermopiles could be controlled after they had been properly located 
in the calorimeter (§§ 50, 51, 52). The same refers to the measurements 
of Gucker and his avssociates.^® 

§ 22. Energy Equivalent of the Calorimetric System. In a number 
of cases the determination of the energy equivalent of the calorimetric 
system is very often carried out with the purpose of finding not the real 
but the ‘‘apparent value’' of that equivalent, so that by the adequate use 
of it a number of thermometric and calorimetric corrections can be elimi- 
nated. Before discussing this particular case, let us examine the general 
case, in which the purpose is to find the amount of heat required for heating 
the whole calorimetric system one degree. In various national standardiz- 
ing laboratories, for evaluating the heat evolved in the standard calibrat- 
ing reactions, such as the combustion of benzoic acid or the formation of 
water from hydrogen and oxygen, the energy equivalent of the calorimeter 
has been determined with electrical energy in terms of the international 
joule. These measurements are preferably performed by utilizing the so- 
called substitution method described by Rossini and Doming.®^ Accord- 
ing to this method, the heat evolved by a measured amount of a chemical 
reagent is compared directly with that evolved by a measured amount of 
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electrical energy. The^ calorimeter is a fixed system serving as the absorber 
and comparator of the two kinds of energies. The two successive experi- 
ments should be carried out over the same interval of temperature and 
under the same conditions, to eliminate the thermometric and calorimetric 
corrections. 

Up to the present time, however, there have been difficulties in measur- 
ing with sufficient accuracy the amount of heat produced by an electric 
current. A classical example has been given (§ § 16, 16, 17) showing that 
relatively large errors have been committed in the past in carrying out 
such absolute measurements. For this reason a method of comparative 
measurement of the energy equivalent is described in which practically all 
the difficulties encountered in any kind of absolute measurement have been 
eliminated. 

The method consists^®^ in using two calorimeters; one of these is con- 
structed of materials the specific heat of which is well known; the other is 
the one which is to be used for the measurements proper. The latter 
usually consists of many different parts with unknown specific heats. 
They are placed side by side and each is provided with an electric heater. 
The heaters are connected in series. Let us suppose that Ri and R 2 are 
the resistances of heaters, Jf^i and the energy equivalents of the two 
calorimeters, including the liquid or liquids they are filled with, and h and 
the temperature increases observed when the current passes through both 
heaters. The unknown value K 2 , may be calculated from the equation: 


_ K\ • Ail • R2 


( 1 ) 


For calculating K 2 it is necessary to know the values of the ratios 
R 2 IR 1 and Ml! M 2 . These can be determined much more easily than the 
absolute values 22 1 , 222, Mi and M 2 . Ordinary equipment for measuring 
the electric resistance is precise enough for comparing 22i and R 2 directly. 
The ratio M 1 IM 2 may be determined by direct comparison of the two 
thermometers used. The only value which should be calculated and 
expressed in absolute or conventional units of measure (calories) is the 
energy equivalent Ki. The following equation may be used for this purpose : 


2iCi = mw-c«,+Smc 


( 2 ) 


In this equation represents 'the mass of water used, its specific heat 
and 2mc the energy equivalent of all parts of the calorimeter including the 
thermometer and the stirrer. As the specific heat of water is well known, 
and mu, can be measured with sufficient accuracy, the only error which may 
be committed is associated wth the calculation of the value Smc. For 
this reason it is important to use materials whose specific heat is well known 
and to reduce as far as possible the ratio Smc/m„,«c«„ 
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With regard to the temperature increases, Ah and A< 2 , it is important 
to carry out the experiment in such a way as to have the value of A^i as 
close as possible to the temperature increase observed in the microcalori- 
metric measurement proper. This is important for any kind of ther- 
mometer employed. 

The method just described was used in a number of cases.'*® It may 
be applied independently of the size and the shape of the microcalorimeter. 
If so-called twin differential calorimeters (§ § 28, 29, 31, 65, 70) with elec- 
tric compensation current are used, a third calorimeter filled with water 
should be placed side by side with the calorimeter containing the object. 
This calorimeter should be provided with an electric heater, so arranged 
that it is a part of the calorimetric system. In that case the calibration 
of the calorimeter may include the elimination of both the thermometric 
and calorimetric corrections which are associated with the heat exchange 
of the calorimeter with the jacket. In § 86, 87 examples are described in 
which the calibration should be made without removing the object. This 
is essential if the object constitutes the main part of the calorimetric 
system. 

§ 23. Compensation Method. In the previous paragraph it was 
pointed out that in most microcalorimetric measurements it is essential 
to determine not the real but the '^apparent^^ energy equivalent of the 
calorimetric system. The term ^^apparent^^ indicates that, when using 
this value for calculation, a number of thermometric and calorimetric cor- 
rections are included in it; if the experiments are conducted under con- 
stant and strictly fixed conditions all these corrections can be eliminated. 
In the compensation comparative method used in microcalorimetry a num- 
ber of corrections are also eliminated. This method was applied in the 
past in order to simplify the problem of calculating the correction for the 
heat gains or losses taking place because of the heat exchange between the 
calorimeter and the jacket. 

Two typical compensation methods have been employed. One con- 
sisted in using identical twin microcalorimeters (§29,31,32). One of 
them contained the object, the other an electric heater. The experiment 
consisted in finding the intensity of the current which would produce the 
same amount of heat per unit of time as the object. This method can be 
employed only when examining exothermal processes in which a constant 
amount of heat is evolved by the object (see Figures 1 and 3, diagrams A 
and A'). In the other method, only one calorimeter was used and the heat 
liberated by the object was compensated by the Peltier effect^^* (§ 46). 
In this method a thermopile should be used for transferring the heat from 
the ‘‘warm contacts” to the “cold” ones. Unfortunately, it is impossible 
to transfer all the heat evolved by using the Peltier effect, because of the 
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Joule heat produced by the electric current in that circuit. Therefore, 
the use of this method requires a correction, the calculation of which may 
involve either a systematic or an accidental error. 

It should be pointed out that in the first stage of the development of 
microcalorimetry the accuracy in measuring the heat in microthermal 
processes was relatively low. For this reason, the precision of the direct 
determination of the amount of heat produced by an electric current was 
high enough when compared with the magnitude of the experimental error. 
If, however, the accuracy is higher than 0.3 to 0.5 per cent, the method 
described in § 22 should preferably be used, to avoid the necessity of 
measuring 12, v, r, AT, and expressing them in absolute units of measure. 

The compensation method based on the Peltier effect is less convenient. 
As was pointed out, it requires correction for the Joule effect, and this 
circumstance makes it impossible to eliminate the correction for the heat 
exchange between the calorimeter and the jacket. These two disadvan- 
tages reduce the applicability of that method considerably. Perhaps it 
may be employed in some particular cases in which no other methods can 
be used. 

§ 24. Method of Successive Comparative Measurements. If only 
one calorimeter is used, the method of successive comparative measure- 
ments may be employed. This consists in carr 3 dng out two successive 
measurements under the same conditions. This method is in general use 
in thermochemistry.^®^ When determining the heat of combustion of 
organic substances the ‘^apparent energy equivalent^' of the calorimetric 
system is determined by burning a given amount of benzoic acid ( § 16). 
Using that energy equivalent, the heat of combustion of other substances 
can easily be determined. All corrections except three are eliminated. A 
somewhat modified method also may be employed in microcalorimetry. 
Instead of a standard substance, as in thermochemistry, an electric current 
may be used. It is essential to produce by the heater the same quantity 
of heat as liberated l^y the object, and in the same period of time. If these 
conditions are strictly fulfilled, all the thermometric and in many cases all 
the calorimetric corrections may be eliminated. In some particular cases 
calorimetric corrections resulting from secondary phenomena must be taken 
into consideration because they cannot be eliminated by the electric calibra- 
tion. For this reason it is very important to examine in detail all con- 
ditions of the experiment so as not to overlook any side reaction (see 
§ 26, 64, 86, 87, 93). 

If the method of successive comparative measurements is applied, the 
experimenter should choose in advance the conditions under which all the 
measurements will be carried out. This is important, because any change 
in those conditions will require a redetermination of the “apparent energy 
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equivalent” of the calorimeter. The experimenter should decide also 
whether the accuracy of the measurements is lower or higher than the 
precision with which the electric energy can be measured with the equip- 
ment at his disposal. If there is some doubt, it is advisable to use the 
comparative method of calibration as described in § 22. 

Independently of the microcalorimetric method employed, it should be 
accepted as a rule that in the successive comparative measurement of the 
^'apparent energy equivalent” of the calorimetric system the list of cor- 
rections should be given which, according to investigator, have been elimi- 
nated by the calibration. 

§25. Reference Substances. In radiology Madame Curie^®* initi- 
ated the use of a standard radium preparation for measuring the radio- 
activity of substances containing radioactive elements. As the period of 
half-life of radium is long, the standard radium preparation may be con- 
sidered as a physical rather than a physicochemical standard (see §'*14, 15). 
Madame Curious idea found direct application in microcalorimctry, because 
in many cases it is very convenient to use a radium preparation as a refer- 
ence source of heat. In a number of cases radium preparations^^' 
and even, other radioactive substances^^® have been used for carrying out 
comparative microcalorimetric measurements. The only limitation in 
applying this method is the necessity of using calorimeters made with thick 
walls of high absorptive capacity, to absorb not only the alpha and beta 
particles but also most of the gamma rays. In a number of cases ( §68, 
81, 82) this limitation does not play any role because the calorimeter is 
large and is made of a material dense enough to have a high absorption of 
gamma rays. The correction for gamma rays which are not absorbed is 
small and cannot be considered as a source of systematic error. 

In a limited number of cases there is the possibility of using other refer- 
ence substances for comparison. For instance, if a series of determinations 
of the heat of vaporization is made, it is advisable to choose one of the 
liquids as a reference substance and to determine its heat of vaporization 
with the greatest care. Then this figure may be used as a reference value 
for the heat of vaporization of the other liquids. In doing so, the experi- 
menter is enabled to recalculate his figures, if a systematic error, found 
later, had shifted the results of his measurements in one direction or the 
other by a given fraction of a per cent. 

§ 26. Use of Comparative Measurements for Studying Ehdothermal 
Processes. Tian emphasized''^ that in measuring the heat absorbed by 
an endothermal process the compensation method may be used by intro- 
ducing a known equivalent amount of heat by means of an electric current.^® 
This statement is correct with only one provision: that this simple internal 
compensation will not be a source of a systematic or accidental error. 
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From the theoretical point of view, this is quite clear. If the calorimeter 
is surrounded by an isothermal jacket and the same temperature is estab- 
lished in both the calorimeter and the jacket, the electric compensation of 
the heat absorbed by an endothermal process should be made in such a 
manner as to maintain the temperature in the calorimeter constant. Under 
these conditions the process will be at the same time both adiabatic and 
isothermal. No heat exchange will take place; consequently, no calori- 
metric corrections will be required. From this point of view, the condi- 
tions seem to be excellent for calorimetric measurements. However, great 
care should be taken to avoid errors which may be caused by lack of uni- 
formity in compensating the rate of cooling the calorimetric system by the 
electric current. To avoid these undesirable phenomena the temperature 
in the jacket and that at any place along the whole surface of the calori- 
meter (§ 58) should be kept the same during the whole calorimetric mea- 
surement. This can be done if the rate of cooling is equal to the rate of 
heating throughout the measurement. In addition, the thermal con- 
ductivity of the calorimeter should be high enough to assure uniform dis- 
tribution of heat in the system. 

The fulfillment of those conditions is rather difficult. Very often it is 
quite difficult to reproduce the endothermal process ^^in reverse’^ with an 
electric heater. Moreover, it is not easy to obtain a uniform distribution 
of temperature in a system in which two different processes, one endothermal 
and the other exothermal, take place. 

There is also another possibility of using the electric current for mea- 
suring the heat absorbed in an endothermal process, namely, that of mea- 
suring in a separate experiment the electric energy required for heating 
and for producing an increase in temperature, A<, equal to the decrease 
produced by the object in an endothermal process. In this case the process 
is also reproduced ‘^in reverse,’^ but it is much easier than in the combined 
operation suggest^^ by Tian. It should be emphasized, however, that in 
both cases, ^. e., by Tian’s method or by two separate measurements, it is 
much easier to employ two calorimeters, as described in § 22. In fact, it 
seems that in this case the only easy method of measuring the electric 
energy is by using the equation: 


LQ = Ki' — K.I* ^ii'RijRx ( 3 ) 

which is a simple modification of equation (1) discussed in § 22. Using 
two calorimeters, AQ can be measured even if the electric current undergoes 
a steady change. The curve expressing the function A^=/(r), in which Ai 
is the temperature change and t the time, can be easily reproduced. It is 
obvious that in the equation: At = fir), At is negative in the main calori- 
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metric measurement (endothermal process) and positive when the electric 
heater functions. 

§ 27. Conclusions. An effort has been made to show that the only 
way to avoid both systematic and accidental errors is to use the method of 
comparative measurements. It makes possible the elimination of most 
of the corrections and it simplifies considerably the technique of conduct- 
ing any kind of microcalorimetric measurements. The question still 
remains open: Which method of comparative measurements is the best to 
employ? The experimenter must decide whether it is more convenient 
to carry out an absolute measurement of the electrical energy by deter- 
mining with the required accuracy all the values involved (A^, y, R and t, 
§ 18) or to use two calorimeters and employ a strictly comparative method 
for the energy equivalent determination, in a manner similar to or identical 
with that described in § 22. 

In spite of so many simplifications, the experimenter must examine in 
detail all conditions of the experiment, to avoid any error that may result 
from a side reaction which has remained unchecked. It is necessary to 
bear in mind that the history of calorimetry and thermochemistry gives 
many examples in which small or great errors have been made by eminent 
and highly skilled specialists because certain secondary phenomena had 
been neglected. 



Chapter IV 

Twin Microcalorimeters Used in Radiology 


§ 28. First Determinations of Heat Developed by Radium. The 
fact is well known that the heat produced by radioactive elements is the 
result of the absorption of alpha and beta particles as well as of gamma 
rays by the surroundings. / This was not so obvious at the very beginning 
of the work with radium and other radioactive elements. It was neces- 
sary to prove this by direct microcalorimetric measurements. Pierre Curie 
and A. Laborde®* were the first to undertake this investigation. They 
employed the differential method and used the twin microcalorimeters 
shown in Figure 11. Two Dewar flasks of equal size and shape, both 
insulated in the same manner, served as the calorimetric vessels. One of 



Figure 11. 

Pierre Curie and Laborde’s 
Twin Differential Microcalori- 
meters. 


them contained a glass tube with the preparation of radium bromide, the 
other a glass tube of the same size with barium bromide. By transferring 
the thermometer, frpm time to time, from one Dewar flask to the other it 
was found that the temperature inside the flask containing radium bromide 
was always higher than that in the flask containing barium bromide. In 
spite of the fact that the method was not a precise one, Curie and Laborde 
proved that under the conditions of the experiment one gram of radium 
bromide developed approximately one hundred calories per hour. 

In connection with the results obtained, Curie and Laborde made a 
remark that is important from the historical point of view. They stated 
that ‘‘the cause of such a development of heat may consist in an internal 
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transformation. This transformation should be associated with a deep 
change and may be a result of a modification of the atom of radium itself.” 

Several months later Pierre Curie and J. Dewar^^ used liquid oxygen 
and hydrogen to show that the amount of energy developed by radium or 
other radioactive elements did not depend upon the temperature. At 
that time this observation was very important. It indicated that the 
nature of radioactivity is entirely different and cannot be compared with 
any other known phenomena. In all other thermal processes known in 
physics and chemistry the rate at which heat is developed changes with 
temperature. 

§ 29. Compensation Method. Since the investigation of Curie and 
Laborde, twin microcalorimeters have been employed frequently, not only 
in radiology but also in other microcalorimetric investigations.®* 



Figure 12. Twin Microcalorimeter Adapted for the Compensation Method. 

In the first stage of the development of this method, neither the adiabatic 
nor the isothermal jacket had been employed. The method has been 
improved merely by insulating the calorimeter adequately and by using the 
so-called compensation electric current. This involves having an electric 
heater in the second microcalorimeter to compensate by electric energy the 
heat produced by the object located in the first or main calorimeter. The 
measurements consist in finding that intensity of electric current which 
heats the second calorimeter at a rate equal to that observed in the first 
calorimeter. In Figure 12 the scheme of this kind of apparatus is presented. 

The method requires that both calorimeters be characterized by equal 
energy equivalents. It is assumed that under these conditions the heat 
produced by the object in one hour is equal to the heat developed by the 
electric current, so that the following equation may be used: 


AQ/i-/i2/e-3600 
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In this equation AQh is the heat developed by the object in one hour, i the 
intensity of the electric current, R the resistance of the heater, and J the 
mechanical equivalent of heat. 

K. A.ngstr6m,“ E. V. Schweidler and V. F. Hess,®^ L. Wertenstein and 
H. Herszfinkiel,^^® D. Yovanovitch,^^^* and A. Dorabialska^^ used the 
compensation method with small modifications. 

For measuring the temperature thermocouples were usually employed. 
In using the compensation method, one should change the electric current 
so as to observe and maintain the needle of the galvanometer in the zero 
position for a reasonably long period of time. 

§ 30. The Use of Standard Radium Preparations. Further improve- 
ment in the method of twin microcalorimeters was made by D. Yovano- 
vitch^^^ and employed by him in collaboration with A. Dorabialska.^^® 
The method required two sets of measurements, one with the substance 
examined, the other with the standard radium preparation. The use of 
this method was facilitated by the fact that the investigations were carried 
out at the Curie Institute of Radium in Paris; therefore a standard prepara- 
tion of radium could be used. The ‘^history^^ of the radium preparation 
being known, it was possible to calculate with sufficient accuracy the 
quantity of heat developed and to compare that heat with the heat liberated 
by the object under examination. 

The measurement consisted in determining the intensities of the two 
currents, and i*, which compensated the heat produced by the standard 
(Q,) and by the substance examined (Q*). If dQJdt and dQJdt represent 
the rates of heat liberated by the standard and the object, the following 
equation could be written: 

• {(iQxfdt) : {dQJdt) = Q* : Q, = il : i] 

In this equation Qx and Q, stand for the heat liberated in the same 
interval of time by the object and the standard radium preparation. 

§31. Twin Microcalorimeters with Electrical Resistance Ther- 
mometers. E. Rutherford and H. T. Barnes®® and several years later 
E. Rutherford and H. Robinson®® used twin microcalorimeters with elec- 
trical resistance thermometers built into each of them. In Figure 13 a 
schematic presentation of these apparatus is given. They consisted of two 
long glass tubes, R and 72 1 , each provided with a coil of thin platinum wire 
attached to the inside surface. These platinum wires served as resistance 
thermometers and they “formed two arms of a Wheatstone bridge, while 
the ratio arms consisted of two equal coils, 3 and 4, of a manganin wire, 
each of about the same resistance as the platinum coils.^^ In Figure 13 
the disposition of the arms of the Wheatstone bridge is shown. “The glass 
tubes, in which the platinum coils were wound, were placed in brass tubes 
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passing through a water bath.*' “A calibration of the scale of the galvano- 
meter was made by placing a heating coil of small dimension of covered 
manganin wire within one of the platinum coils, and noting the steady 
deflection when known currents were sent through it.’^ The deflection 
thus served as a direct measure of the heating effect. 

From the description given above it may be concluded that the method 
represents a typical example of the application of the principle of compara- 


P'igure 13. 

E. Rutherford’s Twin Micro- 
calorimeters with Two Resis- 
tance Thermometers Forming 
Two Arms of a Wheatstone 
Bridge. 



tive measurements. A number of thermometric and calorimetric correc- 
tions were eliminated and for this reason the heat produced by the current 
passing through the platinum resistance thermometers could also be 
neglected. It was included in the calibration of the apparatus. It should 
be emphasized that the method could easily be used for examining thermal 
effects of short duration. The authors pointed out that ‘Tt was essential 
to employ a method whereby rapidly changing heating effects could be 
followed with ease and accuracy.” 
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To this statement another remark should be added. The method 
could not be used for measuring thermal processes of long duration, first, 
because of the jacket, which was not adapted to such experiments and, 
secondly, because of the heat developed by the current passing through the 
resistance thermometers. 

§ 32. Ether Twin Microcalorimeters. Another type of twin calori- 
meter was described by W. Duane The method used by this investigator 



Figure 14. Duane^s Ether Differential Microcalorimeters. 


was quite different from those previously described. It was based on the 
observation of the change in vapor tension of ether caused by the temper- 
ature changes produced by either the object or an electric current. In 
Figure 14 Duane's twin calorimeters are shown. Both of them were filled 
with ether up to the level A and A'. They were located side by side in 
box, G, and protected by insulation, Ej against heat exchange with the sur- 
roundings. In the center of each of the vessels a tube was sealed in {D 
and D') so that the object, S, under examination might be transferred 
from one calorimter to the other, or one tube might contain the object 
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and the other an electric heater. In that case the electric current com- 
pensated the heat produced by the object. 

The vessels were connected by a narrow tube, filled with liquid ether. 
In the middle of the tube there was a bubble of air. About one-half of the 
volume of each of the calorimeters was left free and contained only ether 
vapor. 

The box containing the apparatus should be located in a constant- 
temperature room, to avoid any change in temperature. The experiment 
is started by proving that thermal equilibrium has been established. At 
equilibrium the air bubble remains in its zero position. Then the object 
is placed in one of the vessels. Because of the heat liberated, the vapor 
tension increases inside that vessel and the air bubble starts moving toward 
the second calorimeter. Transferring the object from one vessel to the 
other, one may observe a change in the direction of the movement of the 
air bubble. 

Duane pointed out that two other methods may also be used. One 
consists in keeping the bubble moving until a state of equilibrium is estab- 
lished, the other in compensating electrically the heat liberated by the 
object. To do this an electric heater should be located in the second vessel. 

According to Duane, the accuracy of the method is great enough to 
measure the amount of heat produced in one hour to the order of 10~® 
calorie. He emphasized the importance of completing the measurement 
in a very short time. 

Duane used a radium preparation as a reference substance. He 
described an experiment^® in which he found that a certain preparation of 
polonium developed the same amount of heat (010117 gram calorie per hour) 
as 0.749 mg of radium bromide. From this observation he concluded that 
''the quantities of radium and polonium which were characterized by the 
same ionization current evolved almost the same quantities of heat. This 
is in accordance with the hypothesis that the heat liberated by these sub- 
stances was caused by the kinetic energy of the alpha rays.” It is possible 
to assume that Duane himself classified his method as one which should be 
based entirely on comparative pbservations. If so, it may easily be 
explained why he did not give any theoretical background to explain the 
details of the functioning of his apparatus. 

The writer and his collaborators tried to employ Duane's microcalori- 
meter for measuring the heat developed by radioactive minerals. The 
results were rather negative. This may be explained by the fact that the 
amount of heat produced by those minerals was too small. It seems, how- 
ever, that there are factors which make the proper functioning of the ether 
twin microcalorimeters rather uncertain. 

The main factor which may cause errors is the lack of uniformity in the 



48 


MICROCALORIMETRY 


§32 


distribution of the temperature on the surface of the liquid ether from 
which the vapors evaporate. This lack of uniformity may easily be 
explained because there is no stirring inside the liquid; therefore it may be 
expected that there is a complex distribution of the temperature in those 
layers which are more or less close to the central tube in which the object 
producing heat is located. The convection of the ^^warmer'^ part of the 
ether which touches the walls of the tube cannot assure proper mixing of the 
hquid, even in the vicinity of the tube. Under such conditions the vapor 
tension of the ether cannot correspond to the saturated state related to 
any temperature which may exist on the surface of the liquid phase. In 
addition, a difference in temperature should exist between the liquid touch- 
ing the walls of the tube and any other surface in contact with ether vapors. 
Because of that, one may expect that vaporization, as well as condensation 
of the ether may take place, especially on the walls of the vessel far from the 
central tube in which the object or the electric heater liberates some heat. 
Under these conditions it is difficult to know exactly what vapor tension 
will correspond to the ^^dynamic^^ or the “static^’ equilibrium which might 
be established inside the system. The state of such a dynamic equilibrium 
can be reached and the air bubble in capillary tube B may remain motion- 
less (Figure 14) at the moment that the amount of ether evaporated in the 
vicinity of the central tube is equal to the amount condensed on the upper 
(cooler) walls of the vessel. The overpressure in the vessel will not cor- 
respond to any static conditions and the ^ 'average'^ temperature inside the 
vessel will not be uniform and equal to that which could be calculated from 
the vapor pressure -temperature relation for ether. 

The phenomena associated with the surface tension of ether also have 
an unfavorable influence on the functioning of Duane^s calorimeter. In 
spite of the low* surface tension of ether, it is great enough to cause a lag 
in the movement of the air bubble in the capillary tube joining the two 
calorimeters. This lag becomes a source of error if very small thermal 
effects are measured. The same phenomenon is observed if the compensa- 
tion method is employed and the movement of the bubble is caused by very 
small differences in vapor pressures of ether established in the twin appara- 
tus. Because of this, the bubble remains in its zero position in spite of the 
fact that small differences in heat development caused by the object and 
the electric heater may still exist. 

Duane emphasized that the Peltier effect may be used to compensate 
the heat evolved by the object. This method, however, required a correc- 
tion for the Joule effect, and its calculation may be associated with some 
difficulties because of the unknown heat balance of the whole calorimetric 
process taking place. 

In conclusion, it should be pointed out that without further improve- 
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ments in the structure and in the functioning of the Duane ether micro- 
calorimeters their application must be very limited. 

§ 33. Differential Method for Measuring the Heat of Absorption of 
Gamma Rays. In the first experiments on the determination of the heat 
developed by radioactive elements little attention was paid to the exact 



I I 



Figure 15. Ellis and Wooster's Calorimeter for Gamma Rays. 


determination of the heat of absorption of gamma rays. The latter con- 
stituted a relatively small percentage of the total amount of heat. In addi- 
tion, it was not possible to absorb all of the gamma radiation. There were 
also difficulties in measuring exclusively the heat of absorption of gamma 
rays because alpha and beta particles were absorbed by the same screen. 
The first experiments in which exclusively the heat of absorption of gamma 
rays was measured were carried out in 1925 and 1927 by C. D. Ellis and 
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W. A, Wooster.®^' They succeeded in building an apparatus in which 
the alpha and beta particles were removed by absorption before the gamma 
rays reached the screen of the calorimeter proper. 

It should be emphasized that at the time that Ellis and Wooster made 
their investigations there was no precise method for measuring the heat 
of absorption of all the particles and most of the gamma radiation in such 
a way as to be able to calculate the heat of absorption of the gamma rays 
alone. For this reason, it was important to measure with reasonable 
accuracy the heat produced only by gamma rays. 

In Figure 15 the apparatus used by Ellis and Wooster is shown sche- 
matically. The glass tube, 8 mm in length, containing the radioactive 
substance was located in a copper rod provided with a hole, 8 mm in diame- 
ter, bored throughout its length. This rod was placed in the center of a 
hollow cylinder made of four equal sectors. “Two opposing ones, A 
and jB, were respectively of lead and aluminum, and they were insulated 
from one another by the two other sectors, C and D, of balsa wood'^ . . . 
'This composite cylinder was fixed inside another closely fitting cylinder of 
balsa wood and caps of balsa wood placed at each end. The whole fitted 
inside a thick copper case. Nineteen silver-constantan thermocouples in 
series were wound round the composite cylinder so as to record any temper- 
ature difference of the lead and aluminum sector.^^ 

Since the alpha and most of the beta particles are easily absorbed by 
relatively thin layers of copper, none of the alpha particles and only a few 
of the beta particles could penetrate the copper rod. A given percentage 
of gamma radiations were absorbed by the copper walls; most of them how- 
ever, reached the sectors of the cylinders. As the absorption coefficients of 
lead and alumii\um are different and the numerical values could be deter- 
mined directly, it becomes possible to calculate the difference between the 
amount of gamma rays absorbed by each of these two sectors. This dif- 
ference in absorption produced a difference in temperature which could be 
measured by the thermocouples. 

To avoid secondary phenomena resulting from the difference in the 
specific heat of lead and aluminum, sector A, made of aluminum, was 
provided with holes so that the energy equivalents of both the aluminum 
and lead sectors would be equal. Because of this, the heat radiated by the 
copper rod, due to the absorption of alpha and beta particles (and some of 
the gamma rays), exerted the same influence on the changes in temperature 
of both the aluminum and the lead sectors. For this reason, the rates of 
heating of those sectors were identical. Consequently, the difference in 
temperature found in A and B was caused by the difference in absorption 
of gamma rays by the lead and aluminum sectors. The authors explained®^ 
that "the method of making measurements was to observe the maximum 
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deflection reached when the rate of heat supply was equal to the rate of heat 
losses/^ They added that ''the actual rise curve was rather complicated, 
a maximum deflection being reached in 45 minutes, after which the deflec- 
tion decreased slowly/’ 

It is obvious that the method was based entirely on the principle of 
comparative measurements, with the main purpose of eliminating correc- 
tions, as far as possible, especially those related to the heat losses caused 
by the lack of an adiabatic jacket. 

To give the reader an idea of how accurate the measurements could 
be made, the following table is given. 


Values of Source Deflection Deflection for 

(millicuries) (millimeters) 70.5 millicuries 

58.02 5.60 6.81 

58.45 4.69 6.83 

40.47 3.81 6.64 

33.80 3.31 6.90 

28.23 2.75 6.87 

Mean 6.81 


The experimental error for tliis relative value is rather small. To 
calculate the heat produced by the absorption of gamma rays a number of 
supplementary values should be known or measured. First of all, the 
precise figures for the absorption coefficients of gamma rays for lead and 
aluminum should be determined or known in advance. 

Ellis and Wooster gave the following summary of the results obtained: 
(1) "the heating effect of the total gamma rays emitted by the quantity of 
radium B and radium C in equilibrium with one gram of radium has been 
found to be 8.6 calories an hour; (2) of this, 0.86 calorie an hour is to be 
attributed to radium B and 7.7 calories an hour to radium C.” 

Another method of direct measurement of the heat produced by gamma 
radiations'®^' is discussed in Chapter VIII (§ 69). 

§ 34. General Discussion. From the point of view of the history of 
microcalorimetric measurements, all the methods described in this chapter 
form a natural transition from the macrocalorimetric methods used in the 
past to the new technique based on using isothermal or adiabatic jackets. 
Even though they were better adjusted for measuring thermal processes of 
long duration than the old calorimetric methods, it still was advisable to 
complete the measurements in the shortest possible time. Two factors 
were responsible for this. First, in spite of the proper insulation of the 
jacket, the heat exchange between the calorimeter and the jacket could not 
be as constant and as regular as desired. Secondly, because of the com- 
plexity of secondary processes taking place in the calorimeter, it was 
dangerous to prolong the experiment. In spite of this, these methods con- 
stitute an important improvement in the technique of conducting the 
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measurements when compared with the methods applied in the past. In 
all of them the principle of absolute measurements was abandoned. The 
simplicity of the method of comparative measurements was so obvious that 
it became a dominating factor in the new technique in calorimetry as a 
whole. The fact that this is the only way to eliminate most thermometric 
and calorimetric corrections seems to have been recognized by all the 
specialists in this field. 



Chapter V 

Use of the Ice Calorimeter in Microthermal 
Measurements 

§ 35. Application of the Ice Calorimeter in Radiology. It has been 
pointed out that the ice calorimeter was the only apparatus which in the 
past could be used for measuring the heat developed by a thermal process 
of long duration. For this reason, it can easily be understood that attempts 
were made to employ this apparatus in radiology. J. Precht®^* first 
published such results obtained with Bunsen^s ice calorimeter. Neverthe- 
less, it is very probable that experiments with the ice calorimeter were 
carried out in Paris before and after Precht's papers. The writer discussed 
this question with Madame Curie. She was of the opinion that radiations 
had an effect unfavorable to the proper functioning of the ice calorimeter. 
It is possible that because of uncertain results no publication from the 
Radium Institute at Paris appeared at that time. 

The question whether or not secondary phenomena make the precise 
determination of radiations impossible, or at least difficult, remains 
unanswered. In fact, in the first stage of microcalorimetric investigations 
in radiology no thick lead screens were employed for absorption of all the 
alpha and beta particles and most of the gamma rays. As far as is known 
to the writer, a conventional type of ice calorimeter was used, in which the 
central tube provided no space for massive lead screens. A conventional 
type of Bunsen’s ice calorimeter was employed also in Precht’s measure- 
ments. 

At the present time it is possible to absorb all the alpha and beta 
particles and to use lead screens thick enough to remove at least ninety 
per cent of the gamma rays. If, however, the remaining ten per cent of 
gamma rays may cause secondary phenomena (§ 38) the use of the ice 
calorimeter in radiology should be abandoned once and for all. No 
evidence whatsoever has been found that systematic errors may appear in 
microcalorimetric measurements 6f this kind. It is quite possible that 
negative results found in applications of the ice calorimeter in radiology 
could be caused by penetration of beta particles into the space where direct 
contact exists between ice and water. To avoid any misinterpretation, a 
general discussion of the phenomena taking place in the ice calorimeter is 
given (see § 38, 45). From that discussion one may conclude that, in 
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spite of the apparent simplicity of the phenomena on which the function- 
ing of the ice calorimeter is based, there still remain undiscovered factors 
which create difficulties in conducting calorimetric measurements of high 
precision. 

§ 36. Precht’s Determination of Heat of Absorption of Radium 
Radiation. Apparently the screen used by J. Precht in his first measure- 
ments for absorption of alpha and beta particles and of gamma rays was 
not very effective. Under these conditions it is possible that not only a 
high percentage of gamma rays but also some number of beta particles 
penetrated the space filled with ice and water. For this reason, the values 
found in Precht^s first determinations were too low. These values did 
not differ from those found by other experimenters, who employed quite 
different methods but also used screens which were too thin. According 
to a summary of results given in 1918 by E. Schweidler and V. F. Hess,®^ 
the following values have been found for the heat of absorption of particles 
and rays emitted by one gram of radium. 


Author 

Year 

Method 

Gramcalories 
per gram per hour 

Curie and Laborde 

1903 


100 

Range and Precht 

1903 


105 

Rutherford and Barnes 

1903 

Twin Calor. Comp. Method 

no 

Precht 

1904 

- Ice Calor. 

113.3 

Angstrom 

1905 

Twin Cal. Comp. Method 

117 

Precht 

1906 

Ice Calorimeter 

134 

Schweidler 

1908 

Twin Cal. Comp. Method 

118 


Since in the past no precise indications were given regarding the 
use of the screen and the percentage of absorbed particles and rays, it is 
difficult to draw any definite conclusion about the superiority of other 
methods when compared with the ice calorimeter. Apparently no sys- 
matic errors were committed in Precht^s investigations which could dis- 
qualify the ice calorimeter. In order to determine definitely whether or 
not the gamma radiatipn may originate undesirable secondary phenomena 
affecting the regular melting or freezing of water (see § 38, 45), additional 
investigations should be made not only with radium preparations but also 
with x-rays. 

§ 37. Experiments with Twin Ice Calorimeters. Twin ice calorimeters 
of conventional size and equal volume were used by the writer and his 
associates to establish whether or not the rate of volume changes would be 
the same, when both calorimeters were placed in the same large thermostat 
filled with pure ice and distilled water. The results of this experiment were 
negative. No other explanation can be given to that fact than that some 
secondary phenomena take place inside the ice calorimeter, and that the 
strictly isothermal thermostat, which protects the calorimeter against any 
heat exchange with the outside surroundings, cannot prevent their appear- 
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ance. This should be considered as the cause of errors which may be made 
when using the ice calorimeter for measuring a very small amount of heat. 
The purpose of further investigations consisted in finding the conditions 
under which these unspecified phenomena, associated with some irregular 
melting of ice or freezing of water, could be controlled or at least con- 
siderably reduced, so as to make it possible to undertake microcalorimetric 
measurements in that apparatus. 


§ 38. Secondary Phenomena Inside the Ice Calorimeter. Let us 
assume that a Bunsen ice calorimeter of usual size and shape has been 
located in a large container filled with ice and surrounded by a larger vessel 
also filled with ice. Let us also suppose that the outside surface of tube, 
Of located in the center (see Figure 16) is covered with a layer of ice, /, 
so that the calorimeter is ready for starting an experiment. It should be 
remembered that in the Bunsen ice calorimeter there is a bent glass tube 
(see Figure 20) sealed to the bottom so that it connects the inside space of 
the calorimeter with the capillary tube. The latter is located on a level 
somewhat higher than the upper level of the calorimeter. It can be inclined 
as shown in Figure 20. Because the vertical and the capillary tubes are 
filled with mercury, the mixture of ice and water in the ice calorimeter is 
under a pressure higher than atmospheric. It changes along the height of 
the calorimeter and reaches a maximum at its bottom. Because of these 
conditions no thermodynamic equilibrium can exist between the solid and 
liquid phase inside the calorimeter. The same phenomena exist to some 
extent in the container filled with ice, although it is usually considered as a 
zero temperature thermostat. It is true that the temperature is very close 
to zero, but no thermodynamic equilibrium exists at any level inside that 
container, except the upper layer, which is kept under atmospheric pres- 
sure. Inside the container the ice is kept under hydraulic pressure which 
increases from zero to that existing at the bottom of the apparatus. For 
this reason the melting of ice should take place both in the calorimeter and 
in the jacket. Consequently, certain thermal phenomena should take 
place everywhere in the calorimeter and in the jacket even if no heat is 
developed by the object under examination. 

Let us examine first the phenomena which occur in the jacket. On any 
level inside the jacket the melting of ice should take place. As the melting 
of ice is associated with an absorption of heat, a somewhat lower temper- 
ature will be established at that layer. If, however, the container is kept 
under strictly adiabatic conditions a ‘‘migration of ice^^ will be observed. 


After a long period of time only one layer of ice, at the top of the container 
will be found. 

Inside the vessel of the ice calorimeter a migration of ice should^l^ 
take place. In fact, along the height of central tube 0 (Figur^foi^^ 
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pressure increases steadily from the top to the bottom. This is due not 
only to the change in hydraulic pressure of water but, to a larger extent, 
to the pressure of mercury in the side tube joining the calorimeter with the 
capillary tube (Figure 20). 

In the discussion given above, the time was not limited, since the con- 
ditions of a thermodynamic equilibrium were discussed. These conditions 
are never fulfilled in any experiment with the ice calorimeter. For this 
reason not only the migration of ice but other secondary phenomena take 
place. These phenomena are responsible for the differences in the behavior 
of the twin ice calorimeters, when they were kept under strictly identical 
conditions. 

The writer is unable td give any numerical data concerning the velocity 
of crystallization of water in the case where the supercooling is extremely 
slight. If under the conditions prevailing in the ice calorimeter that 
velocity is not great enough, secondary phenomena taking place are caused 
primarily by that slowly proceeding process. The convection caused by 
the change in density complicates the phenomena. In some places the 
supercooled water is brought into contact with ice. In those places the 
crystallization is certainly speeded up. As a result, relatively large and 
rapid displacements of the mercury meniscus in the capillary tube are 
observed. These phenomena should certainly be noticed in both of the 
twin ice calorimeters located in a common ice jacket. However, the forma- 
tion of ice may take place earlier in one calorimeter and later in the other. 
For this reason the twin ice calorimeters behave differently. 

Independently of what is happening because of a slow migration of ice, 
there are other secondary phenomena which appear after the calorimetric 
measurement is^started. These phenomena do not play a significant role 
in macrocalorimetric measurements. They cannot be neglected, however, 
if microthermal processes are examined. 

Let us start wth a general case independently of whether small or 
large amounts of heat are produced by the object or transferred with it. 
Three cases are very characteristic. First, the volume of object B (Figure 
16) may be large and its surface may be similar to that of central tube 0. 
Secondly, the object may be small and may occupy a small part of the 
space in 0. The amount of heat produced by the latter object may cause 
the melting of ice somewhere near the bottom of tube 0, as shown in 
Figure 17. No connection between W and Wi will be observed. Finally, 
it may happen that the amount of heat produced by the object will be so 
large that the layer of ice may be melted through at the bottom, so that a 
^i^ct connection will be established between water, W (obtained by melt- 
ing of ice) and Wi found on the other side of the layer of ice, 7. 

Let Us discuss these three cases separately. The first case is presented 
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in Figure 16. The heat evolved by the object produces a melting of some 
amount of ice; however, the layer of ice is not melted through. At the 
beginning of the melting it may happen that no direct connection between 
W and C will exist. Because of that, even a loW pressure may be established 
in W. This state cannot last but a few seconds. Shortly after the start of 


Figure 16. 

Object B Forms a Regular Layer of 
Water W. Only a “Capillary* ’ Connec- 
tion Somewhere Along the Surface of 
Tube 0 is Formed Between W and C. 



the experiment, a connection will be established between W and C due to a 
capillary layer of water formed along tube 0. Usually it appears at the 
moment wljen the ^ Varm^^ object is transferred into the calorimeter. 

In macrothermal measurements this transition stage has no significance. 
If a capillary layer of water is not formed, the ice may be broken somewhere 
and a rapid decrease in the volume of the ice-water mixture will be observed. 



Figure 17, 

Formation of Large Amount of 
Water at the Bottom of Tube 0. No 
Connection Between W and Wi. 


In microcalorimetric measurements a lack of connection between layer W 
and the water phase in C may cause some trouble. To avoid this, it is 
necessary to melt in advance a very small amount of ice along central 
tube 0, so as to facilitate the connection between the water obtained by 
the melted ice, W, and that which is found outside the solid phase in C. 
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The conditions are quite different if a large amount of heat is introduced 
by an object occup 3 dng a small volume. In this case a large amount of ice 
is melted at the bottom of central tube 0. Two possibilities exist, both of 
which are schematically shown in Figures 17 and 18. 



Figure 18. 

Formation of Large Amount of 
Water at the Bottom of Tube 0. Con- 
nection Formed Between W and W i. 


It may happen that a relatively large amount of water will be formed 
at the bottom of central tube 0. In this case some portion of that water 
may be heated to a higher temperature than 0® C. Therefore, the experi- 
meter should carefully note the changes in the position of the meniscus so 
as to find the proper moment when the whole heat exchange is really 
completed. 


Figure 19. 

Complex Form of the Layer of 
Water Because of ^Lack of Uniformity 
in the Structure of the Object. 



Another case is shown in Figure 18. Here the amount of heat 
developed in one particular place was too great; as a result, the layer of ice 
at the bottom of the tube was melted through. A direct connection has 
been established between W and Wi, If occasionally no “warm^^ water 
has left space W, the experiment may be a successful one. If, however, 
some amount of water heated to a temperature higher than 0° C had 
penetrated into space Wi the danger exists that no precise reading cor- 
responding to the final stage of the heat exchange could be made. 
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In both cases shown in Figures 17 and 18 the freezing of water in W 
should be made before the start of any new experiment. 

In Figure 19 another case is presented. It may happen that the object 
may consist of several parts made of different materials. In this case care 
should be taken to avoid melting through the ice layer. The example 
shown in Figure 19 is simple and does not cause any trouble. If, however, 
the surface of the object is uneven and if there is a lack of uniformity in 
the structure of the object, the layer of ice may be melted through. If 
that kind of object is examined, special care should be taken to prevent the 
ice from melting through where the development of the largest amount of 
heat is expected. 

In addition to these preparatory operations, during the experiment the 
proper time should be found at which all the heat evolved has been used for 
melting the ice. To obtain proper results the rate of displacement of the 
mercury meniscus should be observed longer than usual. The errors which 
may result because of these phenomena are relatively small in macrocalori- 
metric measurements. In microcalorimetry, however, their influence is 
usually so great that special precautions should be taken to get proper 
results. For this reason the writer decided to change the structure of the 
apparatus and the method of carrying out the measurements. 

§ 39. Ice Calorimeter for Microthermal Measurements. In 1934 the 
writer and his associates^^^ built and examined the performance of an ice 
calorimeter adapted for microthermal measurements. After a series of 
preliminary experiments, it was found that the following conditions should 
be fulfilled: (1) the calorimeter should be made of stainless steel; (2) the 
capacity of the central tube, serving as the calorimetric space proper, 
should be at least 500 ml, to facilitate the examination of large objects; 
(3) the space filled with ice and water should be as small as possible; (4) the 
layer of ice should be thin; (5) between the central tube and the layer of 
ice a very thin layer of water should be formed before the start of an 
experiment; (6) the layer of water found between the ice and the outside 
walls of the calorimeter should be from 60 to 70 per cent of the total amount 
of water and ice found in that space; (7) an arrangement should be made to 
make it possible to maintain inside the calorimeter an over- or under- 
pressure in the range from 0.3 up to 1.5 atmospheres. This could be 
accomplished by joining the free end of capillary tube H (Figure 20) with 
differential manometer M, 

Figure 20 shows the ice calorimeter which fulfilled all the conditions 
mentioned above. To protect it against any temperature changes the 
calorimeter (B) was immersed in container C, which was filled with pure 
ice and distilled water. The series of coaxial vessels D, F and G which 
protected the central jacket against heat gains were filled with ordinary ice. 
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Figure 20. Ice Calorimeter Made of Steel With Arrangement for Establishing a Desired 
Pressure in the Space Filled With Ice and Water. 
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Experiments have shown that the temperature fluctuations during the 
whole period in which a set of measurements could be made (two to three 
weeks) did not exceed ±0.002® C in the jacket. 

The following details in structure and in handling the apparatus have 
been found essential. The central steel tube was provided with a prolonga- 
tion and the latter was kept at the temperature of melting ice by means of 
large vessel AT, filled with ice. This vessel served at the same time as the 
cap of the external calorimetric jacket, G. The object was kept in that 
prolongation (position II, Figure 20) for several hours before it was 
immersed in the calorimeter (position I). The upper end of the central 
tube was also thermally protected by means of small vessel 6, so that the 
upper part of object A could not be heated from outside. 

The temperature of ice in N as well as in C, D, 7?, F and G was usually 
lower by 0.009 — 0.010® C than the freezing temperature of chemically pun? 
ice. This was found by direct experiments. This lowering of the freez- 
ing temperature of ice could be easily explained by the presence of carbon 
dioxide and mineral salts contained in the frozen wafer. A very small 
depression of the freezing temperature could appear also as the result of the 
hydraulic pressure, inside the vessel. This difference in temperature was 
mainly responsible for a small “positive'' displacement of the meniscus in 
the capillary tube each time after the object had been transferred from the 
upper portion into “working" space. A, of the calorimeter. 

It has been established by direct experiments that once every several 
weeks the layer of ice should be melted in B and a new uniform ice layer 
should be formed. Before starting this operation it was necessary to open 
the outlet tube attached to the bulb, M, of the manometer in order to 
establish the atmospheric pressure in the apparatus. Then stopcock K 
(Figure 21) should be turned on so as to establish a direct connection of 
mercury in 6 with that in the calorimeter and in the capillary tube. From 
that moment on, large changes in volume of the ice-water mixture could 
be made without danger that the mercury in the capillary tube would be 
thrown out or pulled down into the vertical tube. Having this in view, 
capillary tube H was inclined so that large changes in the level of mercury 
in h could produce but small displacements of the mercury meniscus in H, 
This was essential, because it made it possible to melt the ice layer in the 
calorimeter and to form a new layer, without the necessity of removing the 
capillary tube and of leaving the ground joint open. 

Another detail in the structure was also important. It consisted in 
leaving the outside surface of steel tube A purposely rough in order to have 
the layer of ice firmly attached to the walls even after a very tiny layer of 
water had been formed between the surface of tube A and the ice layer. 

The details of the structure of the ice calorimeter for microthermal 
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Figure 21. Ice Calorimeter Made of Steel With Capillary Tube 
and Safety Container 6 Filled with Mercury. 
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measurements are shown in Figure 21. All the dimensions are given in 
millimeters. The surface of the outside tube covered with the layer of ice 
was about 650 sq cm. The capillary tube was 450 mm long. One division 
on its scale corresponded to 1.37 calories, so that the largest amount of 
heat which could be measured was 30 calories. These figures show how 
important it was to use vessel b filled with mercury, and to have extended 
tube A so as to cool the object to 0° C (it sometimes weighed several kilo- 
grams) before transferring it to the calorimeter proper (position I, Figure 
20 ). 

The formation of the ice layer was one of the operations which required 
some skill. First, it was necessary to supercool the water by immersing a 
metallic cylinder cooled to a temperature lower than O'" C. In most cases 
no formation of ice was observed. The water remained supercooled. At 
that time the metallic cylinder was removed and a metallic rod, cooled to a 
very low temperature, was rapidly transferred into the calorimeter and 
was moved up and down in different places along the outside surface of 
tube A so as to produce a large number of small crystals of ice attached to 
that surface. If such a formation of seeding crystals was successful, the 
layer of ice was formed in a few minutes. Otherwise, it was necessary to 
repeat the whole operation from the beginning. 

The next operation consisted in the formation of a thin layer of water 
between the layer of ice and the walls of tube A, This was usually made 
by immersing the same metallic cylinder at a temperature slightly above 
the melting point of ice. The thickness of that layer should not be greater 
than a few hundredths of a millimeter. It was necessary to carry out this 
operation after the connection between vessel b and the calorimeter was 
discontinued. For this reason stopcock K should be turned off. From 
then on, the calorimeter was ready for establishment of an appropriate 
pressure in order to reduce to a minimum the rate of the displacement of 
the mercury meniscus in the capillary tube. A large number of observa- 
tions have shown that it is more convenient to work with a “positive dis- 
placement” of the meniscus, at least before transferring the object. This 
meant that such a pressure had to be established in the calorimeter to 
observe the slow freezing of water and not the melting of ice. The pres- 
sure could be regulated to such an extent that in twelve hours not more than 
0.01 to 0.02 gram of ice was formed. It was evident that the water found 
in the tiny layer between the walls of the calorimeter and the layer of ice, 
and not that found outside this layer, underwent freezing. 

It should be emphasized that the migration of ice inside the calori- 
meter (see § 37) could take place even if no movement of the meniscus was 
observed. In fact, the migration consists in the melting of ice at one level 
and its formation at another. If both phenomena take place simultane- 
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ously with the same velocity, no changes in voliune occur. If, however, 
the melting in one place and freezing in another proceed at different rates, 
the mercury in the capillary tube is moving up or down, and often these dis- 
placements are irregular. This is the most dangerous phenomenon in 
microthermal measurements because it cannot be controlled. Usually, it 
is not observed if the migration of ice takes place exclusively in the tiny 
layer between the ice and central tube A. The migration may be reduced 
to a minimum by establishing an appropriate pressure in the calorimeter. 
Experiments have shown that this pressure has to be found by direct 
observation. It cannot be calculated in advance. 

The object or metallic screens used for absorption of particles and rays 
emitted by radioactive elements play an important role in speeding the 
process of the migration of ice. The following consideration makes it clear. 
Suppose that the calorimeter is used for measuring the heat developed by a 
radium preparation sealed into a tiny glass tube. It is easy to carry out 
the measurement in the following way. The cylinder of lead provided 
with the hole bored through its center up to the middle of its height may be 
located one or two hours before the start of the measurement in the lower 
part of the central tube (position I, Figure 20). Another massive cylinder 
should be located in the upper part, of the tube (position II). The glass 
tube containing radium should be located in the cylinder. In that way it 
can be cooled to 0° C. At a given moment the glass tube is transferred 
from the upper cylinder to the lower one, and the measurement starts at 
this point. 

Let us examine the influence of the cylinder of lead on the migration 
of ice inside the calorimeter. The thermal conductivity of lead favors the 
heat exchange l^etween different layers of ice and water in the neighbor- 
hood of the wall of the central tube (Figure 20). The melting of ice in one 
place and the freezing of water in another may be speeded up by the heat 
transfer through tlje massive block of lead. Because of this phenomenon 
the displacements of the mercury meniscus in the capillary tube (//, 
Figure 20) are more regular in the presence of the metallic screen than with- 
out it. 

§ 40. Freezing the Thin Layer of Water and Refilling the Jacket with 
Ice. In the previous paragraph the formation of new layers of ice and 
water have been described. If several measurements follow one after 
another it is not necessary to melt the ice each time and to start from the 
beginning the complicated procedure of forming a new layer. It suffices 
to freeze only the layer of water which has been produced by the heat 
evolved by the object. This operation should be made each time after a 
measurement has been completed. The description which follows refers 
to both macro- and microcalorimetric measurements. The difference 



§41 


ICE MICROCALORIMETER 


65 


consists only in the amount of water to be frozen and in the shape of the 
layer of water formed. The latter varies to a large extent and depends 
u^on the volume and the shape of the object, as well as upon the amount of 
heat developed per unit of its volume. Some typical cases have been dis- 
cussed in § 37 and schematically shown in Figures 16, 17, 18, and 19. In 
microcalorimetric measurements there are fewer variations in the shape of 
the water layer, because in general the volume of water obtained by the 
melting of ice is very small. Usually it does not exceed 0.4 ml. In most 
cases a very thin layer of ice along the whole working surface undergoes 
melting so that the micro-layer of water is rather regular. 

The freezing of any kind of layer of water found between the ice and 
the walls of the central tube can be made in the following manner. A 
metallic cylinder (or a sphere in macrocalorimetric measurements in which a 
large bubble of water was formed, as shown in Figure 17) with walls well 
adjusted to those of the central tube of the calorimeter is cooled to the 
temperature required to compensate the heat liberated by the object in 
the previous experiment. 

If, for some reason, the object was not cylindrical (or spherical in 
macrocalorimetric experiments), a shape similar to that of the object 
should be used. After an adequate cooling, the cylinder (or, generally 
speaking, the object) should be transferred as rapidly as possible to the 
calorimeter. Enough time should be given to complete the heat exchange. 
Afterwards the object should be removed. The temperature of the cylinder 
should be low enough to freeze all the water found in the layer between the 
walls of the calorimeter and the ice layer. Before starting the next mea- 
surement a tiny layer of water should be formed. This operation should 
be performed as carefully as possible. The same metallic cylinder may be 
used, and it should be heated to such a temperature as to produce a layer 
of water 0.01 to 0.03 millimeter thick. 

The refilling of outside jacket G (Figure 20) with ice is a simple opera- 
tion. It should be done once or twice in 24 hours. In the case described 
in § 39 the refilling was made once a day and it could be completed in 20 
minutes. As the melted water in G, as well as in all other containers, could 
How down to the bottom of container Z, it was automatically removed from 
there into the tank through outlet tube Wi, It was necessary to add 
ice in G and to put some pieces of it in C, Z), E and F (once every several 
days). The refilling of cover N was done twice a day. 

The insulation of the apparatus could very easily be removed for refill- 
ing. It protected the calorimeter to such an extent that the daily consump- 
tion of ice in the summer did not exceed 25 kg. 

§41. Blank Experiments. The functioning of the calorimeter 
described in § 39 was examined by using an electric heater built in a massive 



66 


MICROCALORIMETRY 


§42 


cylinder of lead weighing 1900 g. First of all it was necessary to answer 
the question: What is the smallest amount of heat which could be detected? 
It was essential also to produce very small capillary surfaces of water 
between the walls of the calorimeter and the layer of ice, and to see whether 
some secondary phenomena caused by the surface tension of water could 
take place. No undesirable phenomena were observed. In spite of this, 
the measurements were carried out in the presence of a thin layer of water 
purposely formed by melting the ice. This was necessary in order to 
start the experiment with a **positive displacement’^ of the mercury in the 
capillary (see §39). Experiments have shown that the smallest amount 
of heat which could be measured was 0.03 gram calories per hour. There- 
fore, if a cylinder made of a radioactive mineral like pitchblende weighing 
from 1000 to 1900 g was placed in the calorimeter, 10”® calorie per gram per 
hour could be detected. The error, however, was relatively high. 

The following data have been obtained in a series of measurements in 
which an electric heater with a resistance of 0.065 ohm was used. 


i 

Age 

0.132 

1.054 

0.994 

0.132 

0.944 

0.978 

0.132 

1.054 

1.008 

0.250 

3.682 

3.510 

0.061 

0.219 

0.209 

0.062 

0.233 

0.216 

0.041 

0.093 

0.094 

0.041 

0.095 

0.094 

Differences 

+ 0.060 

-0.034 

+ 0.046 ( + 0.172) 

-0.010 

-0.017 

- 0.001 

+ 0.001 


In this table i is the intensity of the electric current expressed in 
amperes, and Age are the amounts of heat in calories measured and 
calculated. If the value + 0.172 is rejected because of an unusually large 
deviation, the average error is somewhat lower than 0.03 calorie. 

In addition to these experiments with an electric heater the following 
series of measurements was made in which 4.47 mg of radium in a sealed 
tube was located in the center of the same massive cylinder of lead: 


V 

Av 

AQh 

-0.67 

-0.48 

0.657 

-0.64 

-0.46 

0.630 

-1.81 

-0.49 

0.671 

-0.71 

-0.50 

0.684 

-0.79 

-0.51 

0.698 

-0.64 

-0.48 

0.657 

-0.07 

-0.49 

0.671 


Average: 0.667 ^ 2.4% 

In all these experiments the v values were negative, which meant that 
the pressure in the calorimeter was high enough to melt the ice even after 
the radium preparation had been removed. The average value, 0.667 
calorie per hour, was close to that found by another method (0.676 cal/h). 

§ 42. Heat Produced by Pitchblende. Another series of experi- 
ments was made using pitchblende as the object. In these measurements 
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a massive cylinder made of pitchblende was located in a thin (2-mm) copper 
cylinder. XJnder these conditions, taking into consideration that the 
calorimeter walls were made of steel, no alpha and beta particles could 
penetrate into the water-ice system and about 90 per cent of the gamma 
rays were also absorbed. Some portion of these rays, radiated from the 
layer found in the vicinity of the outside surface of the cylinder, could reach 
and even pass through the water and ice layers. 

The pitchblende used in these measurements was from Jachimovo 
(Joachimstal) in Czechoslovakia. It was delivered in 1932 by the Ministry 
of Labor of that country. The sample was taken directly from the plant 
and its composition could be considered as corresponding to the average 
composition of the mineral used for manufacturing radium salts. 

To avoid any irregularities in the functioning of the calorimeter, new 
layers of ice and water were formed as previously described (§ 40) and the 
pressure inside the calorimeter was established so as to have a small posi- 
tive displacement of the mercury meniscus. Only one experiment (last 
in the table) gave negative values of v. 


Heat Developed by Pitchblende 


V 

Av 

Q 

Qlo-h 

+ 1.20 

-0.11 

+ 0.151 

9x10“* 

+ 0.54 

-0.09 

+ 0.123 

7.3x10“* 

+ 0.52 

-0.11 

+ 0.151 

9xl0“* 

-0.19 

-0.13 

+ 0.178 

10.5x10“* 



Average value: 

8.9xl0-‘cal. 


In the table Ay represents the displacement of the mercury meniscus 
caused by the heat developed by the pitchblende in an hour; Q the total 
amount of heat developed by that mineral; Q/g-h the amount of heat 
developed by one gram of the pitchblende in an hour. 

In another series of measurements with the same massive cylinder, a 
tube containing 4.47 mg of radium was located in the center of the calori- 
meter. The radium developed 0.676 calorie per hour. The following 
results were obtained. 

Heat Developed by the Pitchblende and 4.47 mg of Radium 


f 

Av 

AQk 

AQrk 

AQlk — AQRa 

AQIo-h 

+ 0.64 

-0.59 

0.807 

0.676 

0.131 

7.7.10“* 

+ 0.46 

-0.56 

0.767 

0.676 

0.091 

5.4.10“* 

-0.00 

-0.58 

0.794 

0.676 

0.118 

6.9.10“* 


Average value : 6.7. 10r» 


There is a lack of agreement between the values obtained in two series 
of measurements which cannot be explained otherwise than by assuming 
that some secondary phenomena accompanied one series of the measure- 
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ments. Which is the correct value cannot be concluded withoutcomparison 
with the data obtained by other methods. 

The final conclusion is that the heat liberated by the pitchblende was 
rather too small to be examined precisely by the method of the ice calori- 
meter (see § 81). 

§ 43. Behavior of Rare Elements. In 1932 the question was raised 
whether minerals or salts containing rare elements, with atomic numbers 
from 57 to 73, or even other elements, like arsenic and antimony, develop a 
very small amount of heat.^^* In 1934 the Physicochemical Laboratory 
of the Institute of Technology, Warsaw, Poland, had a number of pure salts 
and some minerals of rare elements prepared by B. Brauner and J. Sterba 
Bohm, of Prague, Czechoslovakia. The amounts of these samples were, 
too small to examine them separately. A large number of them, however, 
could be located in a cylinder with thin walls made of copper. The whole 
charge weighed about 1060 g. 

In the following table the results of measurements are quoted: 

Heat Developed by lOGO g of Different Salts Containing Rare Elements 


V 

Av 

Q 

+ 0.41 

+ 0.02 

-0.027 

+ 0.62 

+ 0.02 

- 0.027 

+ 1.14 

+ 0.01 

-0.013 

+ 0.48 

-0.02 

+ 0.027 

+ 0.22 

-0.03 

+ 0.041 


Average 0.000 


In the table v represents positive displacements of the mercury meniscus 
in the capillary ^tube in one hour; Aw the decrease or increase of that dis- 
placement after the vessel containing the salts had been located in the 
calorimeter; Q the thermal effect expressed in calories per hour. From the 
figures obtained it^ could be concluded that no thermal effect was found 
exceeding that which is within the limits of experimental error. 

The same experiment was repeated after 4.47 g of radium was placed 
in the center of the cylinder. The total amount of heat developed was 
equal to 0.684 calorie per hour. This was 0.008 calorie higher than the 
value 0.676 found by another microcalorimetric method. From those 
experiments the conclusion could be drawn that all or at least most of the 
rare elements do not develop heat which could be measured by the method 
of the ice microcalorimeter. The total amount of heat could be con- 
siderably smaller than that evolved by an equal quantity of pitchblende. 

In addition to those experiments another was made with sand. Prac- 
tically the same positive and negative deviations in Q-values were found. 
This indicated that these deviations were caused by experimental errors 
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which were of the order of =b 0.03 calorie in experiments lasting one or more 
hours. 

§ 44. Specific Heat of Minerals and Salts Containing Rare Elements. 
To prove the proper functioning of the ice calorimeter described in § 39 
a series of measurements of specific heat c of minerals and salts containing 
rare elements was made.^°® In this scries a much smaller ice calorimeter 
was employed and the measurements resembled conventional experiments 
with a macrocalorimeter. 

In the table below is given the range of temperature for which the 
average heat capacity was determined.* In all cases, except one determina- 
tion for saccharose, the substance heated to a temperature higher than 
0° C was transferred to the ice calorimeter. In one experiment with sac- 
charose the latter was cooled to - 14° C and then transferred to the calori- 
meter. The results of these measurement are as follows: 


lohannitc 

Thorite 

Samarskite 

Monazite 

+ 15-0°C 

+ 14-0° C 

+ 16-0° C 

+37.8-0° C 

0.1289 

0.1329 

0.1073 

0.1027 

0.1281 

0.1340 

0.1087 

0.1020 

0.1291 

0.1307 

0.1075 

0.1024 

0.1297 

0.1306 

0.1078 

d .1200 

0.1320 




Scandium Fluorite (ScFi 3NIIaF) 

+ 15.4-0^0 

0.4220 

0.4212 

0.4232 

0.4223 

Tianthnnum Nitrate (La(NOi)s*6IIjO) 
+ 15.6-0° C 

0.2705 

0.2718 

0.2710 

0 . 2~713 


Yttrium Nitrate (Y(NOi)8) 
+ 15.5-0° C 

0.2772 

0.2735 

0.2748 


0.2752 

Yttrium Oxalate (YKCallOi • 12HtO) 
+ 16.8-0° C 

0.4042 

0.4042 

0.4050 

0.4047 


I.nnthanum Oxalate (I.at(CjH4)i • 12^1420) 
+ 16.6-0° C 

0.2052 

0.2023 

0.2007 

0.2647 


In addition the specific heats of saccharose, silver and antimony were 
determined: 


Saccharose (CwHaOii) 
+ 16-0° C 

0.2783 

0.2751 

0.2789 

0.2774 


Saccharose (Ci*H«Oii)* 
-14-0° C 

0.2630 

0.2608 

0.2620 

0.2602 

0.2615 


*The purest sample of saccharose available was presented to the writer by the Sugar 
Research Institute, Warsaw, Poland. 
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Or Co “ 0.2689 and dcldi * 0.00113 for the range from - 14® to 4* 15® C 


Silver 

Antimony 

+4-0® C 

+ 14-0® C 

0.05510 

0.04748 

0.05546 

0.04755 

0.05573 

0.04731 

0.05543 

0.04759 



0.04730 


0.04745 


§ 45. General Discussion. In spite of the fact that some improvements 
in the structure and in the performance of measurements have been intro- 
duced, the ice calorimeter is still far from being a convenient apparatus 
for microcalorimetric me^urements. The main obstacle — establishment 
of a stable thermodynamic equilibrium — could not be removed, and it seems 
to be doubtful whether it can be done in principle. The use of a differential 
manometer for maintaining an adequately chosen pressure inside the calori- 
meter reduces considerably the spontaneous melting or freezing rate 
observed in the ice-water mixture. 

When establishing a pressure which reduces considerably the rate of 
melting the ice or of freezing the water, one increases the accuracy of the 
measurement. If a metallic massive or thick-walled cylinder is located 
in the calorimeter, the latter seems to function more regularly. The 
formation of a very thin layer of water between the wall of the calorimeter 
and the layer of ice seems to decrease the unexpected irregularities in the 
displacement of the meniscus. In spite of all these improvements, the 
experimenter may face from time to time some unexpected positive or 
negative displacements of the meniscus which might be explained by the 
assumption that^ somewhere a very small amount of ice has been melted or 
some amount of supercooled water has been frozen because of the thermo- 
dynamic instability of the system. From this point of view the following 
conclusion can be (Jrawn: the opinion, generally accepted in the past, that 
the ice calorimeter was the only apparatus suitable for examining thermal 
processes of long duration was not justified. In fact, it is true that measure- 
ments in the ice calorimeter could last longer than those carried out in any 
other type of calorimeter used in the past. Even so, these experiments 
could not last more than one to three hours. 

It should be emphasized also that the experimenter should be skilled in 
handling the ice calorimeter, especially if microthermal processes have to 
be examined. This also refers to all calorimeters in which water is replaced 
by other substances.®® 



Chapter VI 

Tian’s Investigations in Microcalorimetry 

§ 46. Peltier’s Effect as Compensation Factor. In Chapters III 
and IV (§ 22, 28, 29, 30, 32) several methods have been described in 
which twin calorimeters were used, the heat developed by the object in one 
calorimeter being compensated by electrical energy in the other. As the 
energy equivalents of both calorimeters were the same, the measured elec- 
trical energy introduced into one calorimeter was equal to the heat liberated 
by the object in the other. 

Apparently Duane®® was the only experimenter who, in a system of two 
microcalorimeters, has tried to compensate by the Peltier effect the heat 
developed by the object. No details of these measurements can be found 
in the literature, so that it is difficult to answer the question: How effec- 
tive was that method of compensation, and how accurately could the cor- 
rection for the Joule effect be determined? It should be remebered that 
Duane employed the system of twin calorimeters filled with ether, and that 
in this respect they differed from other twin microcalorimeters used in 
radiology. 

In spite of the similarity of the idea, Tian used the Peltier effect in 
another way. He recommended using one calorimeter only and com- 
pensating the heat produced by the object in that calorimeter. He empha- 
sized the importance of the correction for the Joule effect. However, since 
Tian’s main idea was to measure, by means of the absolute method, the 
heat developed by the object, he insisted in calculating all the corrections. 
No emphasis was put on the necessity of eliminating the corrections by the 
method of comparative measurements. 

The importance of Tian’s investigations on microcalorimetry consists 
in a detailed discussion of the most important problems associated with 
any kind of microcalorimetric measurement. Credit and special attention 
should be given to his paper published in 1933.^^® He came to the conclusion 
that no stirrer should be used even if the calorimeter contained some liquid. 
In addition, he recommended the use of a large container filled with water 
instead of a thermostat, -and that it be placed in a basement built deep in 
the ground, to reduce the temperature changes to a minimum. He 
emphasized the importance of such a solution because under these condi- 
tions no temperature fluctuations except steady small temperature increases 
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or decreases were observed. In addition, he tried also to build multi- 
jacket thermostats for protecting the central and main container against 
any temperature fluctuations.^^^ His idea found direct application in 
Ward's investigations^^® and in Lazniewski's apparatus for the precise 
measurement of the average temperature in a thermostat. Hill®^ empha- 
sized the importance of using a somewhat similar device. 

As mentioned before, Tian recommended that the temperature increase 
in the calorimeter by the Peltier effect be reduced to a minimum, and he 
stressed the importance of calculating the correction for the heat developed 
by the electric current which passed through the wires of the thermo- 
couples used for the compensation. 

§ 47. Fundamental Equation. Tian's calorimeter required the 
calculation of all the corrections accompanying the main thermal process 
under investigation. The use of the following equation was recommended 
by Tian: 

Wdt - Pdt - viTi - Tc)dt = - cdTc ( 1 ) 

In this equation Tj and Tc represent the temperatures of the jacket and of 
the calorimeter at its outside surface; c the energy equivalent of the calori- 
meter; p the amount of heat lost by the calorimeter under the condition 
that (Tj-Te) is equal to one degree; W the amount of heat developed by 
the object per unit of time so that in time dt the heat liberated is dq = Wdt, 
Value dq is partly compensated by the Peltier effect; Pdt, partly, by the 
heat exchange which is equal, according to the definition of coefficient p, 
to p{Tj-Tc), 

Instead of measuring directly Tj and Tcj the difference (Tj-Tc) 
is determined i^i terms of the deflection observed on the galvanometer 
scale. 

0 

If the temperature of the jacket remains constant (ry = constant), 
dQ/dt is equal to or: 

Pa c 

Wdt^Pdt+^t + ^A (2) 

9 9 


In this equation dA represents the change in the deflection of the galvano- 
meter in time interval dt. 

The amount of heat produced during time t can be calculated from 
the equation: 


t t At 

J Wdt ^ J^Pdt^- 1 ( 3 ) 




Term / Pdi = A is the amount of heat developed by the object, which 
^0 A 

has been compensated by the Peltier effect. / dA = Ai~Ao represents 

^Ao 

the difference of the galvanometer deflection at the end (Ai) and at the 





74 


MICROCALORIMETR Y 


§48 


beginning (Ao) of the measurement, jf represents the area limited 

by the curve, by the bottom of the axis of time and by both sides of the 
two extreme ordinates, at the start of the experiment and when it has been 
completed. Replacing the values in equation (3), we obtain the final 
equation: 

Q == A ~(^i ~ ^o) + ~R (4) 

Term Bpjg may be reduced by decreasing either B or p/g. It still 
depends upon the differepce in temperature of the jacket and the calori- 
meter; therefore, p/g cannot be deliberately made as small as desirable. 

§ 48. Tian’s Microcalorimeter. A schematic presentation of Tian’s 
microcalorimeter is given in Figure 22. It has been located deep in the 
ground {4) and thermally protected by the larger container {2) filled with 
water. Two vessels (7) were filled with barium oxide and vessel (8) with 
a dehydrating material. From the top, it was protected by a thick layer 
of insulating material (3). It was covered by large glass cover (^), located 
on an ebonite frame (9). The junctions of the thermopile were attached 
to the outside surface of calorimeter (I). Two conducting wires {10} joined 
the thermopile with the galvanometer, which is not shown in the figure. 
Another series of thermojunctions formed a thermopile used for compensat- 
ing the heat developed by the object by means of Peltier ^s effect. 

As was mentioned before, Tian payed a great deal of attention to all 
corrections to be calculated. This was important because he planned to 
study thermal phenomena taking place in the liquid phase without using 
a stirrer in the c*alorimeter. For this reason he had to take into considera- 
tion the complicated distribution of temperature in the calorimeter which 
could not be uniform in the whole calorimetric system. 

According to Tian, his calorimeter was adapted for measuring the 
heat developed either by processes of long or of short duration. Fluctua- 
tions in heat developed by the object have been also taken into considera- 
tion. This universality of Tian’s microcalorimeter seems to be attractive. 
The question arises, however, whether the absolute method of measure- 
ments requiring a number of corrections can be considered as preferable 
when compared with measurements based on the principle of comparative 
measurements. The latter permits one to eliminate as far as possible all 
or nearly all the corrections. This is perhaps the weakest point in the 
method suggested by Tian. The history of thermochemistry and calori- 
metry is rich in examples proving that systematic errors have been often 
made mainly because of the persistent idea of carrying out absolute mea- 
surements, in which all the corrections ought to be checked as carefully as 
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possible. In spite of all the precautions a number of secondary phenomena 
have been overlooked, or the corrections for them have not been calculated 
accurately enough. This is perhaps one of the main obstacles in using the 
Peltier effect for partial compensation of the heat developed by the object. 

In Tian’s microcalorimeter the correction for the Joule effect is not the 
only one which should be made. For this reason it would be reasonable to 
accept the valuable suggestions given by Tian, with the one additional 
condition that the method of eliminating the calorimetric and other cor- 
rections be fully utilized. 

Apparently, the war interrupted Tian’s investigations. In fact, no 
practical applications of his method, discussed theoretically in detail, are 
known to the author. 



Chapter VII 

Microthermal Measurements of Processes of 
Short Duration 

§49. Heat of Dilution of Electrolytes. Recent theory of electrolytes 
has created the necessity of developing a new technique in measuring the 
very small amounts of heat evolved or absorbed by dilution of electrolytes. 
According to the theory developed by P. Debye and E. Hiickel,^® it was to 
be expected that further dilution of dilute solutions of electrolytes should 
be associated with the liberation of heat and not with its absorption. The 
latter was known as a typical phenomenon accompanying the dilution of 
concentrated water solutions of electrolytes. 

To confirm by direct experiments the prediction of Debye and Hlickers 
theory, a new calorimetric device had to be built to make it possible to 
measure extremely small temperature increases observed when diluting 
with water a dilute solution of salts. E. Lange and a number of his 
associates®"*’ have developed that branch of microthermal 
measurements. They succeeded in elaborating a microcalorimetric method 
in which both the use of an adiabatic jacket and the application of the 
principle of comparative measurements were fully utilized. The use of 
thermopiles with one thousand or even more thermo junctions made it 
possible to meaisure the changes in temperature with an accuracy of 
0.000001° C. 

From the point of view of the classification of thermal processes the 
dilution of electrolytes is a typical phenomenon of short duration. It lasts 
as long as is required to mix the solution with water. 

§ 50. Microcalorimeters for Measuring the Heat of Solution. In 
Figures 23 and 24 the cross-section and the top view of the microcalori- 
meter built by E. Lange®^* ®® are presented. In this calorimeter the Dewar 
flask placed in the middle of a large adiabatic jacket is divided so as to form 
two symmetrical and equal spaces. The latter are separated by a 
wall containing one thousand or more thermo junctions connected in 
series. 

In Figure 25 the details of multiple-junction thermocouples are shown. 
In the paper of E. Lange and A. L. Robinson®® one finds the description of 
two possible types of these connections. They form at the same time the 
central wall separating the two twin calorimeters. This can be seen easily 
' * 76 
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Figure 23. Lange’s Adiabatic Microcalorimeter for Measuring the 
Heat of Dilution of Diluted Electrolytes, 
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Solder 




Figure 25. Portion of the Central Wall Containing the Multi- 
junction Thermopile. Two Different Structures of the Wall. 


in Figure 23, which shows that the type shown on the left side of Figure 25 
has been used in that case. 

In one of these twin calorimeters the dilution is carried out. The 
other vessel is filled with water. It contains an electric heater, so that 
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in the case of an exothermal process compensation of the heat developed 
in the main calorimeter can be made by heating the second calorimeter by 
an electric current. The current should be chosen so as to keep the needle 
of the galvanometer on its zero position. 

The following few details concerning the structure of the apparatus 
have been taken from the paper published in 1931 by E. Lange and A. L. 
Robinson.®® The unsilvered Dewar flask of two liters capacity was 200 mm 
high and 120 mm in inner diameter. In order to be able to remove the 
thermopile from the Dewar flask, the junctions were cemented into Pertinax 
or hollow German Silver frames which had previously been fastened with 
Picein to the inside of the flask. The box containing the thermopile was 
tightened with a mixture of one part wax and three parts lanolin. To aid 
the insertion and removal of the thermopile an insulated constantan 
resistance wire was built in between the frame and the box containing the 
thermopile. Electric heating of the wire permitted the easy withdrawal 
of the thermocouple system. 

'The Dewar vessel was fitted with a lead monoxide-glycerine cement 
into a flanged brass collar onto which the calorimeter cover, also of brass, 
was fastened with screw clamps. Inside the calorimeter, resting on its 
brass collar, is a removable brass ring from which were supported the heat- 
ing elements, the pipettes and l)earings for the stirrer axis. An electric 
clock and a record arrangement were used. This permitted the time of 
heating to be determined to within one hundredth of a second. 

"The solution was kept in a metal pipette. It could be filled and 
emptied without being removed from the calorimeter. The volume of the 
pipette as well as the volume of the solution to be diluted was always 
precisely defined. The constancy of the speed of two stirrers was assured 
by the use of an electrical speed regulator. 

"A moving-coil mirror galvanometer made by Kipp and Zonen (Model 
2a) was used to measure the potential developed by the thermocouple. Its 
maximum sensitivity was 1.5 X 10“^® ampere per millimeter scale deflection 
at a distance of a meter. . . . The internal resistance of the galvanometer was 
25 ohms. The thermocouple had a resistance of about 75 ohms. One 
binding post of the galvanometer was permanently connected to its case ; 
the electrostatic disturbances were thus eliminated.’^ 

The temperature in the adiabatic jacket was regulated within 0.001® C 
or better. The dilution could be completed in a very short time; it was 
necessary, however, to maintain the constant temperature of the jacket for 
a relatively long time to be sure that the solution and the water had the 
same temperature before being mixed. In addition, all preparations for 
the measurement also took time, during which no changes in the temper- 
ature of the jacket were allowed. 
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Small changes in temperature, which were required to maintain the 
adiabatic course of the measurement, were made by adding small and 
known amounts of cold or warm water. The thermopile, consisting of 
twenty-four iron-constantan elements, was built into the calorimeter. It 
was used for measuring the difference between the temperatures of the 
calorimeter and of the jacket. 

Preliminary experiments were made to calculate small corrections 
resulting from the differences in temperature of the jacket and of the calori- 
meter. These experiments were based strictly on the comparative principle. 
The deviations from the adiabatic course were always very small. 

The necessity of introducing another correction could result from a 
difference in heat produced by the two stirrers. Care was taken to have 
identical stirrers and to maintain the same number of revolutions. In that 
case it could be expected that the heat produced in both calorimeters would 
be the same. Blank experiments were carried out to prove whether this 
assumption was correct. In the case of a difference in stirring, the correc- 
tion to be made could be determined directly before or after the completion 
of the measurement. 

Thermal conductivity of a great number of wires in the system of 
thermocouples could be also a source of an error. In the case of very dilute 
solutions the correction for the heat transfer could be calculated. This was 
small when compared with other factors involved. If relatively large 
negative or positive thermal dilution effects were observed, the com- 
parative compensation method was applied, and one or another of the 
calorimeters was electrically heated to maintain the same temperature in 
both of the twin calorimeters. In that way no heat transfer could take place . 

To guard against any changes in the conditions, all particularities had 
been carefully examined by using electric heaters or by repeating the experi- 
ments with solutions previously examined each time before a new series of 
measurements was started. Electric energy was also used in those experi- 
ments in which the scale of the galvanometer was calibrated. 

It should be pointed out that success in carrying out experiments in a 
system containing numerous parts and a great number of thermo junctions 
has been achieved because of the elimination of all corrections involved. 
The advantage of compensating the heat liberated or absorbed by electric 
energy was fully exploited. The error did not exceed two or three per cent 
of the total amount of heat evolved or absorbed, which is small in that kind 
of experiment. 

Since Lange ^s investigation considerable progress has been made in 
measuring the heat of dilution of dilute solutions. In 1939 F. T. Gucker, 
Jr., H. B. Pickard and R. W. Planck described the structure and the func- 
tioning of new twin microcalorimters.^® They determined the heat of dilu- 
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tion of aqueous solutions of sucrose at 20 and 30° C and the heat capacity 
of those solutions. They found that the heat of dilution of sucrose is 
proportional to the concentration, and not to the square root of the con- 
centration as is the case for typical electrolytes. 

The essential progress in the structure and functioning of the micro- 
calorimeters consisted in greatly reducing the number of thermocouples 
(sixty instead of one thousand) ; in using an automatic device for maintain- 
ing the adiabatic rate of heating the jacket; and in separating and increas- 
ing the size of the twin calorimeters. Considerable improvements were 
made in a number of details which are quoted below. The energy equiva- 
lent of the calorimeters was measured by a method similar to that described 
in § 22 of this book. Parts of this important paper are quoted below 
without any change, except the numbers of the figures and the omission of 
the references. The spelling of some words and the abbreviations for cer- 
tain units of measure have also been unified with other parts of the book. 

Apparatus 

“General Description. A general idea of the apparatus can be obtained 
from the simplified section Fig. 26, and plan. Fig. 27. It is a differential 
adiabatic apparatus, similar in many respects to that developed in this 
laboratory for the precise measurement of specific heats of solutions. Two 
similar tantalum calorimeters, C, C, each containing a dilution pipette 
P, are suspended from the lid of a water-tight submarine jacket, J, 
immersed in the water-bath, B. The submarine jacket is supported from 
an aluminum plate, R, by means of four brass tubes which accommodate 
the stirrer and lifter shafts. Two of these are shown in Fig. 26. The 
aluminum plate, suitably counterpoised, can be raised and clamped to a 
frame of iron pi[X3 to i)crmit the opening of the submarine jacket and the 
adjustment of the calorimeters. The large copper tank containing the 
water-bath, and the galvanized sheet-iron cover, L, are insulated by 5 cm 
of hair-felt, indicated by cross-hatching. A sprocket-chain, driven from a 
synchronous motor, rotates the calorimeter stirrers at 180 rpm, two large 
3-stage stirrers, W, W, in the water-bath at 270 rpm, and the large sprockets, 
F. The leakage of heat down the stirrer and lifter shafts is reduced by 
insulating sections of Lucite.* The calorimeter lids are spaced from the 
top of the submarine jacket by four tightly fitting cones of the same 
material, two of which are shown as D and E in Fig. 26. 

“The difference in temperature between the calorimeters is measured 

*“Lncite” is the trade name of a methyl methacrylate resin made by the du Pont 
Company. Its coefficient of thermal conductivity, 4.3 X 10”‘ cal/cmVsec/°C/cm, is 
about that of hard rubber. This and its other physical and chemical properties are 
summarized in an article entitled “Methacrylate Resins,” Ind. Eng. Chem., 28, 1160 
(1936). Its heat capacity recently was measured in this Laboratory: Gucker and Ford. 
J. Am. Chem. Soc., 60, 2663 (1938). 
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to 1 microdegree by means of a thermel, M , connected to a Paschen astatic 
galvanometer. The current sensitivity of this instrument is so great that 



30 CM. 


Figure 26. General View of the Calorimetric Apparatus of Gucker and His Associates. 

a 60-junction thermel is adequate. Therefore, we are able to use a more 
conventional calorimetric arrangement than had been employed previously 
for this type of work. Fewer junctions and a 3-cm gap between the calori- 
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meters reduces thermal conduction between them to a small fraction of that 
in a calorimeter of Lange’s type. 

‘‘The air gap between our calorimeters and the walls of the jacket was 
3 cm. The heat conductivity constant between each calorimeter and the 
outer bath was found to be 0.003/min. This is just half of the value given 
by Gulbransen and Robinson for an apparatus of Lange’s type, employing 
an unsilvered Dewar flask, in which the blackbody radiation is the con- 
trolling factor. 

“The difference in temperature between calorimeters and water- 
bath is determined by means of the adiabatic thermels. A, A, connected 
in series. These operate an automatic control which regulates the current 
through the four bath heaters, U [Fig. 27] so as to make the process prac- 
tically adiabatic. Since the temperature changes involved in dilution are 
so small it is also practically isothermal. The advantages of the adiabatic 
method are well summarized in W. P. White’s authoritative book and need 
not be described here. 

“Submarine Jacket. The top and bottom of the submarine jacket 
were made of 3-mm sheet copper, nickel-plated and polished on the inner 
surfaces. The top plate was fastened tightly to the flanged lower ends of 
its supporting tubes. The Monel metal walls of the jacket, burnished on 
the inside, were soldered to brass flanges which were bolted to the top and 
bottom through suitable gaskets, G, G. The bottom connection was made 
permanently with machine screws. After the calorimeters are installed, the 
upper flange of the jacket is attached by means of 12 wing-nuts. 

“Calorimeters. The twin calorimeters, each holding about 1 liter, 
were made entirely of tantalum on account of its mechanical strength and 
its chemical inertness. A well was welded into the side of each calorimeter 
to receive the main thermel, M. The lid of each calorimeter was ground 
to fit, and the joint was made tight with a grease consisting of 1 part 
paraffin to 3 of Vaseline. Wells in each lid received the eletrical heater, J?, 
and one end of the adiabatic control thermel. An opening in the lid, 
fitted with a ground plug, allowed the introduction of the diluting liquid 
without removing the entire lid. Each calorimeter was suspended by 
four loops of dental floss from adjustable hooks fastened to the top of the 
submarine jacket. A similar arrangement was described fully in connec- 
tion with the specific heat apparatus. Four Lucite spacers, two of which, 
D, Ej are shown in Fig. 26, were machined to the proper length with conical 
ends fitting snugly into the calorimeter lids and the top of the jacket. 
Lucite is preferable to glass, which was first used, since its coefficient of 
thermal conductivity is only one-fifth as great, it is easily machined to the 
proper length and taper, and it does not crack or break so easily. 

“Each dilution pipette, P, having a capacity of 60 ml, was suspended 
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from the lid of the calorimeter by three rods (not shown) and could be 
removed easily for washing and drying, preparatory to re-loading. Each 



pipette was closed with heavy valves ground into the top and bottom. The 
valves were sealed with the best available grade of commercial Vaseline. 
Careful tests were made to see whether this contained any electrolytes 
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which might dissolve in water. Distilled water that stood in contact with 
this Vasehne for several days failed to show any increased conductance due 
to electrolytes leached from it. 

“Main Thermel, The difference in temperature between the calori- 
meters was measured by a OO-junction copper-constantan thermel of 12 
ohms resistance connected to a Paschen astatic galvanometer with a 
guaranteed sensitivity of 14.6 m. per microampere at 1 meter scale distance, 
and with a period of six seconds. It was usually operated at a sensitivity 
of 6 m. per microampere, or 1.8 microdegrees per mm. Our thermel 
extended directly across the 3-cm air gap between the calorimeters and 
projected 3.4 cm into the wells in the calorimeters. Preliminary studies by 
K. H. Schminke showed that this arrangement was adequate to register 
the true temperature of the calorimeter, since this type of thermel gave 
the same emf as a conventional U-shaped thermel immersed to a greater 
depth in the same calorimeter. The straight thermel, however, has only a 
third of the resistance of the U-shaped one, and delivers a correspondingly 
larger current. It has a distinct advantage over the short thermels used 
by Lange since it gives a true reading of temperature differences even when 
these are relatively large. 

“We originally set 0.001° per minute for the heat conductivity constant 
along the thermel. Thus a temperature difference of 0.001° (over 3 times 
the greatest temperature rise in the present measurements) would be 
reduced by 2 microdegrees per minute. Since each calorimetric system has 
a heat capacity of almost 1000 cal per degree, the heat transfer would be 

O. 001 cal per minute. We can calculate the best size and number of wires 
as follows: 

“To give the maximum ratio of electrical to thermal conductance, W. 

P. White calculated that the cross-section of the constantan wire should 
be 21,4 times that of the copper. From the known thermal conductances 
of the metals and the distance between the calorimeters, we find the allow- 
able cross-sections are 0.0257 sq cm for the copper and 0.549 sq cm for the 
constantan. Taking into account the specific resistivities of the two metals 
and the length of each wire, the total resistance of n pairs of wires turns out 
to be 1 .602 X 10”^n^ ohms. The galvanometer resistance is 12 ohms. 
Since each pair of junctions develops 43 microvolts per degree, the thermal 
current is 

j E 43xl0-'«n 

12+ 1.602 Xl0“»w2 

Inspection of the graph of this equation [Fig. 28] shows that 86 junctions 
give the maxiinum current, but that 60 junctions are practically as good, 
since the last 26 junctions increase the current by only 8 per cent. 

“The main thermel [M in Fig. 26] consisted of two identical halves of 
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30 junctions each, made from double silk-covered No. 17 B and S gage 
constantan wire and No. 30 copper, the cross-sections of which were as 
nearly as possible those indicated in the above calculations. An attempt 
to test the constantan for homogeneity by the method of White proved 
difficult because the wire was so stiff. Since no unsatisfactory portions 
appeared in about eight feet (2.4 meters), further testing was discontinued. 

“The arrangement of the wires is shown in Figs. 26 and 27. The 
thickness of the junctions was reduced by bending the thin copper wire 
over a V-shaped notch in the end of the heavy constantan wire, instead of 



Figure 28. 

Thermel Sensitivity Curve for 
Constant Thermal Conduction. 


wrapping it around the latter, A rosin flux was used in soldering the wires, 
as recommended by White. 

“Each half of the thermel was mounted on a rectangular card of mica 
0.2 mm thick, notched along the ends to space the junctions properly. 
After being coated with Resoglass the two halves were placed between 
thinner sheets of mica to provide electrical insulation. 

“The copper case was made in two sections, each slightly longer than 
the depth of the "thermel-well in the calorimeter. To prevent contact 
between the junctions and the case, a sheet of mica, less than 0.02 mm 
thick, was folded around each end of the thermel as it was slipped into its 
half of the case. After both halves of the case were in place, they were 
connected by short sections of constantan wire of low thermal conduc- 
tivity, flattened at the ends, and soldered to the top and bottom of the 
cases. The measured heat conductivity constant of the completed thermel 
was 0.0011 per minute. 
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“Four-lead cable, of the type used on platinum resistance thermome- 
ters, was employed for the leads. The insulation resistance between two 
leads was found to exceed 500 megohms. The silk insulation is much 
more permanent than rubber. The leads were carried out of the sub- 
marine jacket through a copper tube as shown in Fig. 26. The leads of both 
thermels were connected to their galvanometers through copper reversing 
switches submerged in a well-insulated oil-bath to eUminate parasitic 
currents in the galvanometer circuits. These switches, shown in Fig. 29 
as Si to S 4 , were similar to those described in detail by Rubin. By means 
of shunt resistances, C, F, the sensitivity of each galvanometer could be 
decreased in several steps to 0 . 1 % of its full sensitivity. The cross- 



hatched arrows represent the knobs of the reversing switches. The thermel 
and galvanometer leads were sheathed in flexible woven-copper tubing, 
forming an equipotential shield to eliminate stray external currents. 

“Recording Potentiometer. Since the sensitivity of the Paschen 
galvanometer, G, was not constant across the full length of the scale and 
since the temperature changes caused by the dilution frequently exceeded 
the full scale deflection, the thermel emf had to be balanced and the 
galvanometer used as a null instrument. To accomplish this we con- 
structed a recording potentiometer, the wiring of which is shown in Fig. 29. 
The No. 18 manganin slide-wire, J, was mounted in a small groove machined 
in the edge of a circular disk of Bakelite, immersed in the same oil-bath 



88 


MICROCALORIMETRY 


§50 


which held the reversing switches. One end of this wire was soldered 
directly to the proper contact of the reversing switch, as shown in the 
drawing. The outer end was soldered to one of the galvanometer leads. 
This junction was clamped directly above the first one, from which it was 
insulated by pieces of mica 0.05 mm thick. Thus, the two copper-manganin 
junctions were maintained at practically the same temperature. Any 
parasitic effects due to them would be eliminated by the method of double 
deflections. 

“The source of the potential was a large saturated Weston cadmium . 
cell, N, in series with a resistance of 100,000, 400,000 or 1,000,000 ohms 
selected by the switch, K. The size of the series resistance determined the 
magnitude of the potential applied to the slide wire and hence the sensitivity 
of the potentiometer. The potential produced by the standard cell was 
reversed by means of a modified two-circuit, six-point switch, P, mounted 
directly beneath the Bakelite panel forming the top of the reversing switch 
box, and connected to the same shaft which reversed the galvanometer 
circuit. Pairs of adjacent contacts on the switch were connected by solder- 
ing thin copper strips across them as shown. Thus as the knob Sa is turned 
clockwise from the position shown in the diagram to reverse the thermel 
and the Weston cell, the galvanometer circuit is broken before the poten- 
tiometer circuit and closed after it. This avoids violent galvanometer 
deflections which would occur if this circuit were closed while the cell 
circuit was open. One of the potentiometer circuit leads, consisting of 
No. 24 enameled copper wire, was silver-soldered to the middle of the 
resistance wire, making as narrow a joint as possible. With this arrange- 
ment the potential could be applied to the slide wire in either direction. 
The sliding contact was made by means of a short piece of manganin, wire, 
soldered to a brass arm, which exerted an inward pressure against the 
resistance wire. The arm was fastened to a brass rod which made contact 
through a bushing to which the second lead was soldered. A short collar 
of Lucite served to insulate the lower section of this rod from the upper 
section, which carried a large dial. 

“In order to test the sensitivity of the Paschen galvanometer, a known 
potential was applied to the circuit, with the switch turned to the vertical 
position, so that the thermels were replaced by a coil of copper wire, i7, 
having the same resistance. 

“A 100-ohm resistor, M, in the potentiometer circuit allowed the 
potential of the standard cadmium cell to be checked from time to time. 
In order that the resistor itself might be standardized, the brass bar, L, 
held between two binding posts, could be removed and a standard resistor 
put in its place. The ratio of the two resistances could then easily be 
determined potentiometrically. 
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''The position of the sliding contact was automatically recorded 
by the potentiometer. , A large gear, fastened to the shaft directly beneath 
the dial, was connected through a pinion to a rack which moved in a closely- 
fitting section of square brass tubing and carried a recording pen mounted 
on one end. 

typewriter platen, mounted on top of the potentiometer box, was 
driven by a Telechron electric clock motor through a train of reducing 
gears and carried the record paper forward at the rate of 12.5 mm a minute. 
The pen moved across the paper along the top of the platen and made a 
permament record of the potential applied to the slide-wire, which was 
proportional to the temperature difference of the two calorimeters. A dis- 
placement of 1 mm on the paper corresponded to a temperature change of 
from 0.3 to 3 microdegrees, depending on the resistance in the circuit. A 
large part of the work was done with a sensitivity of 0.6 microdegree per 
mm. 

“Paschen Galvanometer Suspension. Because of its extreme sensi- 
tivity, the Paschen galvanometer required a support that was free from 
vibration. A Julius suspension hung from the ceiling proved inadequate. 
A solid concrete pier weighing about 8 tons then was built upon the ground 
free from the floor and walls of the building. A heavy iron pipe-frame, 
2 meters high, rested solidly on the pier and supported a modified Julius 
suspension by means of a single wire. A set of vanes on the bottom plate 
of the suspension extended into a tank filled with transformer oil and aided 
in damping out any mechanical vibrations. To avoid disturbances due to 
air currents, the pipe-frame was surrounded with a Celotex housing having 
a door in one side to permit galvanometer adjustments and a narrow open 
window in the front through which the light beam passed. 

“Adiabatic Control. In order to maintain adial)atic conditions, the 
temperature of the water-bath was kept the same as that of the calori- 
meters by an automatic control of the current supplied to the bath heaters. 
The temperature difference between the bath and each calorimeter was 
measured by means of a 10-junction coppcr-constantan thermel. These 
thermels, similar in construction and mounting to the adiabatic control 
thermels in the specific heat apparatus to which reference has already been 
made, are shown at A in Fig. 29. The wires were No. 34 copper and sec- 
tions of No. 26 constantan which pavssed White's test for homogeniety. 
The leads were the same type of silk-insulated cable used for the main 
thermel. By means of switch the thermels could be connected either 
individually (for testing) or in series (for operating) through the reversing 
switch, to the Leeds and Northrup type-HS galvanometer, B, 

‘Xight from a 32 c.p. lamp was reflected from the galvanometer mirror 
onto a photocell which was part of a 'Totoswitch'' unit that operated a 
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two-circuit relay. This relay was connected to a Variac and to a reversible 
Telechron clock motor which was geared to the shaft of the Variac. When 
the calorimeters and bath were at the same temperature and there was no 
deflection of the galvanometer, light fell upon the photocell and the clock 
motor slowly turned the shaft of the Variac to reduce the voltage output. 
When the bath temperature dropped below that of the calorimeters the 
light moved off the photocell, the current through the bath heaters was 
turned on, and the clock motor was reversed so that it slowly increased the 
voltage delivered by the Variac. In this way the Variac was adjusted to 
such a voltage that the heaters were on and off for equal intervals of time, 
giving the best regulation. When the calorimeters were heated and 
thermal balance betweeri the bath and calorimeters was disturbed, the 
heater current was automatically turned on until balance \^a8 again restored, 
maintaining adiabatic conditions within ±0.0003°. The output voltage 
was stepped down by a transformer in the ratio of 1/11 so that the potential 
applied to the heaters varied from 4 to 10 v. This low voltage caused no 
deflections of the Paschen galvanometer as the full 110 v had done. 

''When the experimental temperature was below that of the room, a 
steady ice-water drip was used in conjunction with the automatic control. 
The temperature of the bath was measured with Beckmann thermometers 
which had previously been standardized against a platinum resistance 
thermometer. 

"Calorimeter Heaters. Each main calorimeter h(‘ater, having a 
resistance of about 50 ohms, was made of No. 38 mangaiiin wire, wound on 
a thin strip of mica and annealed. It was enclosed in a flat copper case 
made in two sections connected by two flattened pieces of constantan wire. 
The resulting 15-mm opening in the case reduced thermal conduction to the 
lid of the calorimeter. The heater was sandwiched between two thin mica 
strips to insulate it from the case. Each heater had two No. 24 copper leads 
to carry the current and two potential leads of No. 30 wire, fastened to the 
current leads half-way between the calorimeter lid and the top of the sul)- 
marine jacket. To raise the temperature of the calorimeters rapidly, alter- 
nating current from a Variac was passed through the heaters either 
separately or in series. For a quantitative heating period the source of 
current was a 3-volt heavy-duty dry cell. The potential was determined 
with a Leeds and Northrup type potentiometer and the current by 
measuring with the same instrument the potential drop across a standard 
100-ohm resistor in series with the heater. The current was passed through 
a 50-ohm substitute resistance for at least twenty minutes before a quantita- 
tive heating period, since the current drawn from the dry cell decreases 
appreciably for the first few minutes. In timing the heating period a Cenco 
impulse-counter was used as a super-sensitive stop watch. One side of a 
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double-pole, double-throw switch turned the current from the substitute 
resistance into the heater while the other side started 60-cycle a.c. through 
the impulse-counter. This arrangement counted the half -cycles and mea- 
sured the heating periods with a sensitivity of 1/120 second and an accuracy 
of 0.1% with which the frequency was regulated. Preliminary experiments 
showed that the closing and opening of the two circuits was simultaneous 
(within one half -cycle). The resistance of the heater was determined in 
nearly ever experiment after the heating, by measuring the potential drop 
across it and across the standard resistor. The resistance of the heaters 
did not vary more than 0.04% over a period of several months. Previous 
tests of the resistance of heaters made from the same spool of manganin 
wire showed that the resistance varied less than 0.01% as the current was 
increased from 0.005 to 0.015 amp., the latter being the current used in the 
experiment. 

“Each heater case contained, beside the main heater, a short section 
of No. 30 “salamander’^-coated constantan wire, having a resistance of 
about 1.5 ohms. This was used as an auxiliary heater to balance out, 
within a microdegree per minute, any temperature trend between the calori- 
meters due to unequal stirring or evaporation. A 1.5-volt dry cell was 
connected through two rheostats so that the current could be varied from 
0 to 20 m.a. and could balance out a trend of 10 microdegrees per minute, 
which might be caused by the evaporation of 0.08 mg of water per minute 
from one calorimeter.’^ 

§ 51. Results Obtained in Lange’s and Gucker’s Measurements. It 
is not the purpose of this book to quote the results obtained using the 
apparatus described in the previous paragraph. The reader can find 
these in the original literature (see references given in the previous para- 
graph). 

It should be pointed out that below 0.01 molar concentration the heat 
of dilution for typical electrolytes is positive, and the numerical values are 
relatively close to the proportionality of the square root of the concentra- 
tions. This agrees with the figures calculated by using the equations given 
by Debye and Htickel.^^ The uncertainty still lies in the precise value of 
the dielectric constants of the solutions involved. In the range of higher 
concentrations there are indications that other factors than the interionic 
effects may produce some changes in the heat of dilution of electrolytes. 

The heat of dilution was examined also by other authors.^^’ In refer- 
ence to the results of the measurements of Gucker and his associates, the 
following quotation can be given: “within an experimental uncertainty of 
about ±3 microdegrees, the heat of dilution of sucrose at 20 and 30° 
changes linearly with the first power of the concentration in very dilute 
solutions. This proves for the first time a distinct and clear-cut difference 
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between the behavior of a typical non-electrolyte and electrolytes, for 
which the limiting slope is linear with the square root of the concentration/' 

§ 52. General Discussion. The measurements of the heat of further 
dilution of dilute electrolytes and non-electrolytes presents a classical 
example of microcalorimetric investigations in which neither the amount 
of the solutions nor the time play any role. Very large calorimetric vessels 
may be employed, to use large amounts of the solution and of water. This 
would not change the temperature increase, which is very small. Because 
of this, the only way of increasing the accuracy of the measurements was 
to use a thermopile with a very large number of thermo junctions; thus 
very small temperature changes could be measured with an accuracy of 
2.10""^ degree. It can be seen from this classical example that the methods 
used for measuring the heat developed by thermal processes of short dura- 
tion differ considerably from those in which the experiments last for hours. 

It was pointed out in the previous paragraph that in microcalorimetric 
investigations of this kind the proper functioning of the stirrers in the twin 
calorimeters played an important role. Any asymmetry in the heat 
produced by the stirrers might be a source of an error. The correction for 
the difference in this respect was eliminated, together with other correc- 
tions, by applying the method of comparative measurements as described 
in Chapter III. 

Another peculiarity in conducting the adiabatic heating or cooling 
of the jacket in Lange's calorimeter consisted in using warm or cold water 
for this purpose. This method was used in 1919^®^ by the writer, and 
experiments have proved its applicability and convenience. In Lange's 
experiments it was much easier to use water than an electric heater. In 
fact, there were^many measurements in which the heat of dilution was not 
positive, but negative. In addition, if temperature increases were observed 
it was more convenient not to use the electric heater because of the lag in 
the rapid temperature distribution throughout the water in the jacket. An 
efficient stirrer offered the advantage of obtaining uniformity of the temper- 
ature in the adiabatic jacket in a very short time. 

§ 53. Microcalorimetric Measurements of Heat of Adsorption. 
Another example of a microthermal process of short duration is that of 
adsorption of gases by solid substances. A number of macrocalorimetric 
measurements have been made in the past on that subject. In most of 
them activated carbon or activated silica was employed as adsorbent.^® 
Usually the average heat of adsorption was measured. E. P, Barrett^ 
was the first investigator in the United States to employ the adiabatic 
method for measuring the heat of adsorption of water vapor by massive 
gold. Barrett's calorimeter differed only in some details from the appara- 
tus of the famous American scientist T. W. Richards.®® Barrett's investiga- 
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tions may be considered as a gradual transition from the macro- to the 
microcalorimetric method. A. F. H. Ward^^® was the first to really use a 
microcalorimetric method for measuring the heat of adsorption of gases by 
solid substances. He was also the first to make practical use of the multi- 
jacket thermostat described by Tian.^^^ He succeeded in maintaining the 
constancy of temperature in the central container (§ 9) with an accuracy 
of 0.000002° C or even better. 

The following citations concerning some details of Ward’s investiga- 
tions are taken from his two papers.^^® First, he discussed the results 
obtained by other investigators who had found differences in the initial 
heat of adsorption of a small amount of the sorbed substance and the heat 
of adsorption in the final stage shortly before saturation had been reached. 
Ward could not confirm this in his experiments: ^Tt seemed of interest, 
therefore to study in some detail the heat evolutions for initial small quanti- 
ties of adsorbed gas. . . . Using a sensitive microcalorimeter capable of 
measuring heats over the range of low pressure, and applying several 
important corrections which were found necessary, no low initial heat was 
found but in all cases the heat of adsorption of hydrogen was independent 
of the amount of gas already on the copper surface. Special precautions 
were taken to insure the purity of material used. 

“The apparatus used in making adsorption measurements is shown in 
Figure 30. All joints were glass seals. The copper powder was placed 
in tube F. This adsorption vessel had a tube running down the center 
with numerous perforations to allow free passage of the gas from the center 
to the copper in the annular space between the two tubes. The copper was 
protected from poisoning by mercury vapor by a liquid air trap between 
it and the mercury vapor diffusion pump, and also a trap of cadmium 
turnings and a bulb into which sodium had been distilled onto glass wool. 

Pressure measurements were made by McLeod gauge E over the 
lowest range, or rotating gauge D. . . . Before the copper was put into the 
apparatus, the volumes of the various parts were determined.” The 
copper had been outgassed before the adsorption started. 

The microcalorimeter “was mounted on a platform so that it could be 
raised to surround the adsorption bulb. This made close sliding contact 
with a copper tube (enclosed in a Dewar flask) to whose outer surface were 
attached the junctions of thirty-one iron-constantan junctions of the 
thermocouples.” The other set of thermocouple junctions “was kept at a 
constant temperature by being held in holes in a ring of brass in a thermo- 
stat.” A moving-coil galvanometer was used and the readings were plotted 
against time. The heat evolution corresponding to an adsorption of gas 
was found from the rise of temperature of the system inside the Dewar flask. 
The correction for the cooling by the heat exchange was calculated. The 
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apparatus was calibrated electrically. The energy equivalent of the system 
was about 50 cal and the detection of 0.0005 cal was possible. This means 
that a temperature elevation of 0.00001® C could be detected. 



Figure 30. Ward^s Microcalorimeter for Measuring the Heat of Adsorption of Gases. 

It should be emphasized that Ward succeeded in measuring the heat 
of adsorption when using not only new, uncovered surfaces, but also when 
using surfaces partly covered with hydrogen. In that way Ward could 
prove that there was no difference in the initial heat of adsorption when 
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compared with the heat developed when larger quantities of hydrogen 
were attached to the surface. 

The statement refers to the case when molecules similar to those of 
hydrogen undergo adsorption. If activated carbon is used as adsorbent, 
and vapors of liquids or easily liquefied gases are absorbed by it, there are 
considerable differences in the heat of adsorption, which depend upon the 
amount of vapors and gases previously adsorbed. It is probable that these 
differences are associated with two different phenomena: adsorption by 
the solid surface and liquefaction of the adsorbed substance in the capillaries 
of the adsorbent. 

Ward's experiments are important from the point of view of the method 
applied for measuring the heat developed in microthermal processes of 
short duration. He succeeded in measuring very small temperature 
increases by using a thermopile composed of only thirty-one thermoj unc- 
tions. This is a simplification when compared with the thousand thermo- 
junctions employed by Lange (§50). When using Ward or Gucker's 
method one can avoid all the difficulties associated with the building of a 
thermopile with a thousand thermojunctions. Furthermore in Ward's 
experiments, Tian's multi-jacket thermostat was successfully employed 
for the first time. Tian hinoself did not have an opportunity to show the 
applicability of his ingenious ideas in maintaining the constancy of the 
temperature within =*= 0.000002° C. This success was possible, however, 
only because the measurement lasted a relatively short time (see § 9). 

§ 54. Hiirs Investigations on Heat Produced by Nerve, In the 
history of microcalorimetric measurements of thermal effects lasting a very 
short time, the investigations carried out in 1933 by A. V. HilF^ should be 
considered as classical. Their purpose was to measure the heat developed 
by nerves after they had been electrically excited. In executing such a 
measurement the experimenter was restricted by a number of factors, 
so that the method employed had to be adjusted to fulfill all the condi- 
tions required by the object. This was not the case in a number of other 
investigations in which the experimenter had the opportunity of selecting 
the size of the calorimeter and the amount of the heat -evolving material. 
Hill succeeded in measuring 2 X 10"^ calorie developed per gram per second. 

In Figure 31 the apparatus used by Hill is shown and its description is 
taken from his paper. A represents the “sheet of 150 couples of constantan- 
iron (hard-soldered), the ^hot' junctions being down the middle line, the 
'cold' junctions alternately on either side and insulated by a thin* sheet of 
mica and by Bakelite from the brass frame B. The groove containing the 
hot junctions is formed between two walls, (C) of paraffin wax; there are 
similar paraffin wax walls and a similar groove on the opposite side. D 
represents stimulating electrodes drawn up as far as possible; and JJ is a 
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large silver plate built up at the back with silver blocks, held by the Bake- 
lite clips (F). The silver plate E cuts off heat conducted from D toward A, 
and acts also as the upper warming electrodes during calibration. G is the 
lower warming electrode, consisting of a thick silver wire, is a rubber 
stopper forced into a glass tube, J, which has a hole at the bottom to admit 
gas, or to withdraw Ringer's solution, as required. Another tube leading 
through the stopper for the admission of gas is not shown. The entire 



Figure 31, 

Hill's Microcalorimeter for 
Measuring the Heat Developed 
by Nerves. 


brass frame is thickly insulated with bakelite varnish; the thermopile is 
completely insulated from the brass frame, as also are the silver plates and 
electrodes, and the whole is waterproofed by dipping in hot paraffin wax 
to make a thin film on its surface. This film is very thin on the thermopile 
fan, but is renewed by melting with a minute gas flame before each experi- 
ment. The nerves are held in place during an experiment with threads 
stuck by plasticine to X and Y” 

Thermal protection of the device was made in the following manner. 

'The complete arrangement was then sunk in a large Dewar flask filled 



§54 


MICROTHERMAL MEASUREMENTS 


97 


with water or paraffin oil. The flask had been mounted in a box filled with 
cork dust: this box was then placed in a second, larger box filled with cork 
dust, a funnel-shaped space being left above the flask and boarded in at 
the sides. The second box had a felt-lined cover dropping into the top of 
the funnel and a close-fitting lid. It in turn was placed in a still larger box 
also filled with cork dust, and supplied with another close-fitting lid. Leads 
for the thermopile, for the stimulating electrodes, and for the warming 
electrodes, were permanently fixed in the funnel-shaped space, as also were 
rubber and glass connections to the outside for the tubes to the nerve 
chamber. The conical space above the Dewar flask was closely packed 
with cotton wool, as also was that l^etween the covers of the second and 
third boxes. 

''The water or the oil in the Dewar flask was stirred by a slow stream 
of air or gas.” 

In the author's opinion this protection of the jacket worked better than 
a thermostat. The temperature of the Dewar flask changed continuously 
without undergoing fluctuations as* in a most precise thermostat. "This 
was the most successful method discovered of avoiding temperature dis- 
turbances, particularly when the temperature of the room was maintained 
approximately constant by means of a pentane regulator, a pair of electric 
relays and an electric radiator.” 

A Zernike Ze Kipp and Zonen, Delft, galvanometer was used. Its 
resistance was 25 ohms (50 ohms external resistance). At 2.2 m distanee 
10“® volt gave about 40 mm deflection, so that 1 mm deflection corresponded 
to a current of 3.3 X 10"''® amp. 

The deflection of the moving coil galvanometer was read directly to 
0.1 mm on a scale. It was amplified by the photoelectric cell used with a 
Downing moving magnet galvanometer of about 50 ohms resistance. 

"In the experiments at 0® C the Dewar flask was filled with crushed 
ice and stirred with a slow stream of air.” 

To give an idea how difficult are the microcalorimetric measurements 
of processes of short duration carried out with a very small amount of 
material developing heat, the following two citations are given: "Curious 
disturbances were sometimes witnessed when the thermostat was slowly 
cooling, or after a gas, which had bubbled through a wash-bottle in the 
room, was introduced into the chamber at 0° C. Without warning, but 
usually after the stimulating circuit had been touched, a large prolonged 
deflection occurred in the heating direction, which one could only attribute 
to a 'rainstorm' in the chamber, started off probably by an electric charge 
on the stimulating wires. At more ordinary sensitiveness such disturbances 
might be disregarded; at that of the present experiments they could make 
observations impossible. The condensation of 1 mg of water per day would 
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give out five times the finitiar heat (at 20® C) of 180 mg of nerve stimulated 
continuously; the ‘total heat’ in a 1-second stimulus, say 1.2 X 10“^ cal per 
gram, or 2.4 X lO""® cal, could be equalled by the deposition of 4 X lO”® g of 
water. It was necessary to avoid such disturbances. At high temperature, 
therefore, the room temperature was arranged to be slightly above that of 
the thermostat, so that in the chamber the temperature tended to rise 
rather than to fall, and super-saturation did not occur. At 0® C dry 
oxygen was introduced directly from a cylinder, avoiding the wash-bottle. 

“Another curious disturbance is caused by compression of the gas 
in the chamber. With a chamber volume of 150 ml a pinch of the rubber 
pressure tubing connecting it to the outside might, at high sensitivity, 
cause a deflection of several hundred millimeters. This is quite intelligible 
when we reflect that an adiabatic change of volume of one part in a million 
should cause a change of temperature of about 0.0001® C — enough, at the 
highest sensitivity used, to send the spot of light about 500mm. ... In all 
experiments, therefore, the chamber was completely sealed up, the thick 
rubber tubes being closed with taps, and so far as possible windy and dis- 
turbed days were avoided for the experiments.” To these instructive remarks 
the following was added in proof: “Another thermostat is being con- 
stricted in which the thermopile is to be surrounded by three metal cylin- 
ders of high thermal conductivity, separated by nonconducting media, and 
to be shut off entirely from the atmosphere.” In principle this device is 
similar to the multi-stage thermostat built by Tian (§ 9) and the device 
used by Lazniewski (§ 10) for avoiding temperature fluctuations in the 
space where the thermo-junction for measuring the average temperature of 
the thermostat was located. 

As the writer is far from being familiar with the subject investigated 
by Hill, he prefers to give in extenso the summary of the results published 
by A. V. Hill in the paper entitled “Heat Production of Nerve.” Other 
conclusions can be^ found in Hill’s other paper listed in the references. 

(1) “The heat production of stimulated frogs’ nerves has been investi- 
gated with improved methods, including (a) a more sensitive and quieter 
thermopile; (b) galvanometer amplification by photoelectric cell; (c) 
condenser stimulation and (d) photographic recording. 

(2) “It has proved possible to record the heat in stimuli as short as 
^ second (at 20® C), and to analyze it in ^-second intervals.” 

(3) “At 20® C the rate of heat production rises rapidly at first during 
stimulation and falls rapidly at first when stimulation ends. Experiments 
at this temperature provided no decisive evidence of the existence of 
‘initial’ heat; the whole heat might have been due to ‘recovery.’ 

(4) “At 0® C the heat production is less, but can still be recorded and 
analyzed. The processes in nerve are so much slower at 0® C that the 
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analysis is much more effective; it provides decisive evidence that ''initial 
heat exists as a separate entity. 

(5) '^In maximal stimulation of a fresh nerve the initial heat at 0® C 
is about 2 microcalories (2xl0~® cal) per gram per second; at 20° C no 
exact value can be given, but it is not greater than the heat rate in the first 
second, viz.j about 8 microcalories per gram per second. 

(6) ‘The effect on the heat production of frequency of stimulation 
has been reinvestigated at two temperatures. At 0° C a maximum response 
occurs already at 30 shocks per second; at 20° C not below 400 per second. 
The smaller heat in stimulating at low temperature is due solely to the 
lower frequency of possible response. 

(7) “The ‘initiaP heat in a single isolated impulse at 0° C is 0.26 
microcalorie per gram; at 20° C it is not greater than 0.067 microcalorie 
per gram. The greater heat at the lower temperature is probably con- 
nected, as in muscle, with the greater duration of the single response. 

(8) “For a given energy in the stimulus, the heat response of a nerve 
varies with the time of discharge of the condenser supplying it; if F micro- 
farad be the capacity employed and R the resistance in series with it, the 
heat is a function of RF, The ‘optional stimulus at about 20° C is for 
RF = 160, at 0° C for RF = 900. These represent times of half discharge 
of 0.11 sigma and 0.58 sigma respectively. 

(9) “In prolonged stimulation at 20° C the rate of heat production 
goes on rising for a long time until an approximately steady state is reached. 
Recovery is not complete for an hour. 

(10) “In prolonged stimulation at 0° C the rate of heat production 
soon reaches a maximum; there is no steady state, the response diminishes 
as stimulation continues. 

(11) “The absence of oxygen causes a progressive fall in the size, but 
no change in the shape, of the heat response to stimulation. Fifteen hours 
of asphyxiation at 0° C reduces the total response to one half, but recovery 
is relatively unaltered. This is further evidence for the existence, in nerve, 
of some form of oxidizing reserve. 

(12) “Previous values of the ratio (initial heat) : (total heat) are too 
high owing to the fact that a considerable amount of recovery heat was 
included in the estimated initial heat. For a short stimulus at 20° C the 
initial heat is not more than 4 or 5 per cent of the whole. 

(13) “The recovery heat occurs in two phases, one (A) of high initial 
rate, falling rapidly and ending in a few seconds, the other (B) of low initial 
rate, falling slowly and lasting probably for an hour. Regarding these as 
separate processes, the former (A) is of the same order of size as the initial 
heat and may be directly connected with it; the latter (B) is very 
much greater and possibly represents a ‘secretory' activity by which the 



100 


MICROCALORIMETRY 


§55 


ionic state of the nerve is restored after the electromotive changes of 
activity. 

(14) ‘‘Employing a double experimental curve to represent these two 
factors, it is possible to calculate the rate of heat production during and 
after a stimulus of any length or distribution; the result has the same 
characteristics as the heat prcMuction actually observed. 

(15) “The possibility that the initial heat is due to phosphagen break- 
down or lactic acid formation is discussed; the quantities available are 
sufficient. It may be that the initial process and the (A) process in 
recovery are analogous to similar processes in muscle. It is possible, how- 
ever, that the initial heat is due simply to the discharge, or the partial 
discharge, on an electrical capacity distributed along a surface in the 
fiber.'' 

§ 55. Whipp's Theoretical Considerations on Microcalorimeters. In 
the literature two papers can be foimd^^^* in which the method of micro- 
calorimetric measurements was discussed without giving a series of figures 
proving the applicability of the conclusions resulting from theoretical con- 
siderations. In spite of this, both papers should be considered as valu- 
able contributions to the development of microcalorimetry. One was 
published in 1933 by A. Tian, the other is B. Whipp's article, which 
appeared in 1934. In both these papers important suggestions and 
information are given concerning the best methods of temperature measure- 
ments and the adequate protection against uncontrolled heat exchange 
between the calorimeter and its jacket. 

The following table given in Whipp's paper may serve the investigators 
who are interested in knowing the variety of conditions under which micro- 
thermal processes of short duration were or could be examined. 


Whipp's Table Characterizing the Microcalorimeter 



Ward 

Hill 

Lange 

Whipp 

Energy equivalent of * 

calorimeter 

50 

0.6 (calc.) 

1000 

1 

Number of thermocouples 

31 

150 

c. 1000 

5 

Temperature sensitivity 

4xl0"« 

io-« 

0.6X10-® 

3x10“® 

Heat sensitivity 

2xl0-« 

0.5X10“® 

0.6xl0“» 

3X10“® 

Resistance of thermocouples 

11.5 

50 

75 

1 

Resistance of galvanometer 

8.5 

25 

25 

1 

Sensitivity of galvanometer 

3.5X10-* 

3.3xlO“io 

10“® 

3X10“»® 

Insulation of thermocouples 

organic 

organic 

organic 

glass 

Relative sensitivity 

4 

240 

1 

1120 

(cal per thermocouple) 

Heat sensitivity per one couple 

6.2X10“* 

7.6x10-* 

0.6 

1.5x10“® 


The details concerning Whipp's theoretical considerations may be 
found in his paper. It should be emphasized, however, that in spite of 
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an evident importance of this general discussion, the variety of thermal 
processes and of special conditions under which the measurements must be 
carried out is too great to give general rules or general indications as to 
how the measurement should be made and what kind of calorimetric system 
should be employed. This question is discussed in Chapter XL 



Chapter VIII 

Adiabatic Microcalorimeter 

§ 56. Adiabatic Method in Macrocalorimetry. It is generally known 
that T. W. Richards was the first to introduce the method of adiabatic 
measurements in macrocalorimetry. The writer can hardly agree with 
the opinion expressed by F. T. Gucker^® in 1931 that the French scientist, C. 
C. Person,®^ is really the fpunder of the adiabatic method in calorimetry. 
It is true that Person’s paper entitled “Calorimeter in which the Heat 
Losses are Eliminated” appeared many years before Richards’ first paper. 
It is also true that Person used an adequately heated jacket to reduce to a 
large extent the calorimeter heat losses. In reading his paper, it can be 
noted, however, that one of the main uncontrolled heat losses, the evapora- 
tion of the calorimetric liquid, was not eliminated but compensated. In 
fact the upper surface of the calorimeter was not protected by a jacket; 
therefore the heat losses due to the evaporation really took place. The 
term “adiabatic process” has a precise definition. According to thermo- 
dynamics, in an adiabatic process no heat exchange can take place between 
the object and the surroundings. For this reason in an adiabatic calori- 
meter the time-temperature curve characterizing the thermal process must 
be reproduced in the jacket, if the term “adiabatic measurement” is to be 
applied. If some small deviations in the reproduction of that curve occur, 
they should be considered as positive or negative deviations from the adia- 
batic rate of heating or cooling of the jacket. The calorimeter must be 
also protected against evaporation of the liquid from its surface. 

What Person really has done, and what was at that time an important 
improvement, consisted in using a comparative method for eliminating the 
correction for the heat losses due to the evaporation of the calorimetric 
liquid. In blank experiments he replaced the calorimetric liquid with 
warm water and in that way found the difference in temperature to be 
maintained between the jacket and the calorimeter for compensating the 
heat losses resulting from evaporation of the liquid from its surface. Full 
credit should be given to Person for his ingenious idea. For years the 
importance of using the compensating method was not fully utilized in 
calorimetry. 

Returning to the priority in using the adiabatic calorimeter, it seems 
that those facts have been taken into consideration and that was the 
reason no one in France ever raised the question of Richards’ priority in 
introducing the adiabatic method in calorimetry. 
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§57. Temperature Measurements in the Adiabatic Macrocalori- 
meter. There has never been a discussion as to how the temperature of 
the Macrocalorimeter must be measured. Everybody understood clearly 
that there were no difficulties in measuring directly the temperature in 
both the calorimeter and in the jacket. Richards used two Beckmann 
thermometers for that purpose. In numerous experiments carried out 
by other workers the electrical resistance thermometer has been often 
employed. At any rate, the direct and ^'independent^' temperature mea- 
surements of the calorimeter and the jacket were generally recognized 
in macrocalorimetry. 

Since the importance of using the adiabatic method was fully recognized 
in microcalorimetry, it was obvious that an essential modification in temper- 
ature readings had to be introduced l^ecause neither the mercury ther- 
mometer nor the electrical resistance thermometer could be used for mea- 
suring the temperature of the microcalorimetric system (§11 and § 31). 

§58. Adiabatic Microcalorimeter. In 1927 Miss A. Dorabialska 
and the author described®^ the construction of an adiabatic microcalori- 
meter in which the problem of measuring the temperature increases 
produced by the object in the microcalorimeter was solved. The essential 
idea in carrying out adiabatic measurements was to use a thermocouple or 
a thermopile to insure that the temperature of the jacket was kept equal to 
that of the calorimeter. In doing so, the temperature increases could be 
measured by any kind of a thermometer located in the jacket. 

The adiabatic conditions of the measurements could be fulfilled by 
keeping during the experiment the needle of the galvanometer on its zero 
position. In that way the equality of the rates of heating of the micro- 
calorimeter by the object and of the jacket by the electric heater were 
assured. 

In Figure 32 the first model of the adiabatic microcalorimeter is shown. 
This apparatus was designed for measuring the heat of absorption of 
particles and rays emitted by radioactive substances. The walls of the 
microcalorimeter served as screens which absorbed the radiation. 

The microcalorimeter proper (C) consists of a cylinder the diameter 
of which may be changed. It is provided with a hole in its center wide 
enough to accommodate a glass tube containing the radioactive sub- 
stance. It is suspended inside a massive metallic vessel, A, resembling the 
calorimetric bomb. At the surface of the calorimeter, or in the hole bored 
in the vicinity of its surface, one junction of the thermocouple is located. 
The other junction is placed inside cover R, which is also made of a massive 
lump of steel. Cylinder A is located in large container D (over 100 liters 
capacity) filled with water. The latter is thoroughly stirred with a stream 
of air saturated with vapor. In that way the evaporation of water from 
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container D is practically eliminated. Container D is provided with an 
electric heater. If necessary, the jacket can be cooled by a stream of cold 
water passing through a metallic tube wound in a spiral. Both the heater 
and the spiral are shown in Figure 33 (§ 59). Using the heater and, if 



Figure 32. A. Dorabialska and W. Swietoslawski’s Adiabatic Microcalorimeter for 
Measuring the Heat of Absorption of Particles and Rays 
Emitted by Radioactive Substances. 

necessary, the stream of cold water, the adiabatic conditions of the process 
can be easily maintained. 

If the equality of temperatures of the calorimeter and the jacket is 
maintained during the experiment, it suffices to measure only the temper- 
ature fluctuations of the jacket. This is an essential change when com- 
pared with the method applied by T. W. Richards®® and by a number of 
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other investigators. If the temperature increases are large enough, a 
Beckmann or Ultra-Beckmann thermometer may be used. It should be 
immersed into the water in the jacket. The use of L. Keffler^s microscope®” 
makes it possible to read the temj^erature of the jacket with an accuracy 
of =*=0.0005° C even on the scale of the ordinary Beckmann thermometer. 

Let us suppose that a sealed tube containing several milligrams of 
radium is placed in the microcalorimeter. The performance of the mea- 
surements consists in the following: First, it should be determined whether 
the temperature of the calorimeter differs from that of the jacket. As 
this is usually the case, a deflection of the galvanometer is noticed. To 
return it to zero position it is necessary to change the temperature of the 
jacket by heating or by cooling it. When the zero point is reached, the 
measurement proper may start. From then on the temperature of the 
jacket should be kept equal to that of the calorimeter. This is the way to 
maintain adiabatic conditions of measurement. To do this it is neces- 
sary to heat (or to cool when endothermal processes are examined) the 
jacket so that no deflection of the galvanometer is observed. 

Let us suppose that the temperature at which the experiment starts 
is to, and from that moment the temperature of the jacket is always the 
same as that of the calorimeter; in other words, the rate of heating (or 
cooling) of the jacket is equal to the rate with which the calorimeter was 
heated by the object. Under these conditions no heat exchange between 
the calorimeter and the jacket can take place, and the experiment is there- 
fore carried out under strictly adiabatic conditions. Let us suppose that 
the measurement is carried out for three hours and that at the end of the 
experiment the tem[)eraturc of the jacket is tn. The difference, M = tn-to, 
represents the increase in temperature both in the jacket and in the micro- 
calorimeter. If k represents the energy equivalent of the calorimetric 
system, the heat produced by the object per hour is: 


^ k’At 


(1) 


The method just described enables one to carry out the experiment for 
an arbitrarily long period of time, so as to obtain a reasonably large increase 
in temixjrature At. The error of the measurement dejx^nds upon the 
accuracy with which readings to and tn can be made and upon the precision 
with which the rate of heating of the jacket can 1x3 kept equal to that of the 
calorimeter. If these conditions are fulfilled adequately the heat gains or 
losses of the calorimeter will be equal to zero. 

Usually small positive and negative deviations from the adiabatic course 
of the measurement are observed. The following example is given to 
illustrate both the performance of the measurement and the magnitude of 
these deviations. 
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A calorimeter made of silver was used. Its energy equivalent was 
k = 3.284 calories. Instead of having an object, the heat was produced by 
an electric heater. After half an hour of heating it was assumed that a 
thermal equilibrium inside the calorimeter was established and that a cer- 
tain distribution of temperature inside the calorimeter corresponded to 
that equilibrium. From that moment the temperature of the jacket was 
changed so as to keep the galvanometer on its zero position. The follow- 
ing readings were made : 


Time 

Differences on 
Galvanometer Scale 
(mm) 

Difference 
(expressed in ®C) 

Temperature of 
the Jacket 
("C) 

9^ 30' 

,0.0 

— 

1.272 

10'‘ 00' 

-0.1 

-0.0014 

1.324 

lOk 30' 

+ 0.2 

+ 0.0028 

1.373 

11'' 00' 

-0.2 

- 0.0028 

1.425 

11“ 30' 

-0.1 

- 0.0014 

1.475 

12“ 00' 

12“ 30' 

-0.1 

- 0.0014 

1.524 

+ 0.1 

+ 0.0014 

1.576 


= 0.304 


It can be concluded that the calorimeter was heated adiabatically at 
the rate of 


A( = 0.304/3 *= O.lOls® per hour. 


The heat developed by the electric heater was 0.333 cal per hour. 

To calculate the correction for the deviations from the adiabatic course 
of the experiment it was necessary to find, by direct experiments, what was 
the rate of heating or of cooling of the calorimeter when a known and con- 
stant difference of temperature was maintained between the calorimeter 
and the jacket. .Knowing that value, it was easy to calculate the correction 
involved. Usually, however, the deviations are partly positive and partly 
negative and are symmetrically distributed on both sides of the curve show- 
ing the rate of heating of the calorimeter by the object. In that case the 
heat gains are compensated by the heat losses and the correction is equal 
to zero. If positive or negative deviations are predominant, a correction 
should be calculated (§61). 

§ 59. Simplified and Improved Adiabatic Microcalorimeter. The 
calorimeter described in the previous paragraph has been largely improved 
and somewhat simplified.®®* ®®’ The improvement consists in placing 
the galvanometer, the thermocouple conducting wires, and the commu- 
tator inside the adiabatic jacket. The simplification involves replacing 
the massive metallic vessel with a container made of glass. Figure 33 
shows one of the calorimeters used for measuring the heat of vaporization 
of liquids or of adsorption of vapors by activated carbon. 

Calorimeter proper. A, is made of silver, copper or lead. It is located 
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in glass container P, provided with a hole large enough to pass sphere A- 
In vessel P two cavities are made, one {T 2 ) for placing in it the thermo, 
junction, the other (L) for fastening the calorimeter in its central position 
by means of a silk thread. Three other silk threads are attached to the 
three points at the surface of the upper part of the calorimeter and to 





Figure 33. Swietoslawski’s Improved Microcalorimeter. 


glass tubes as shown in Figure 33. The other thermo junction (Ti) 
is located inside calorimeter A as close as possible to its surface (in Figures 
32 and 33 thermo junctions Ti arc located too deep inside sphere A). Con- 
tained’ P may be provided with any kind of side tubes which may be 
required for the execution of the measurement. In Figure 33 two such 
side tubes (0) are shown. 

The stopper should be provided with a necessary number of holes. For 
instance, for measuring the heat of vaporization or adsorption only one hole 
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is required for accommodating rod Ky to which the arrangement described 
in § 71 and shown in Figure 40 is attached. 

The essential improvement of the adiabatic jacket consists in providing 
it with chamber N in which the galvanometer and the commutator are 
located. Metallic tubes {Cj e) found inside the jacket make it possible to 
pass through them the conducting wires of the thermocouple. 

To avoid any heat gains or losses through the stopper or the glass tubes 
which extend a little out of water in jacket Wy massive copper plates {li) 
are used to cover all these parts. A number of massive rods made of 
copper are attached to plates R, They are immersed deep in the water. 
Because of the high thermal conductivity of copper, these rods supply heat 
enough to compensate the heat losses of plates Ry so that they are heated 
to practically the same temperature as the jacket. Consequently, the 
extending parts of the apparatus are thermally well protected. Mirror F, 
attached to galvanometer (7, is used for adjusting the galvanometer to its 
proper position. 

For heating the calorimeter, an electric heater is used. For cool- 
ing, a stream of cold water taken from the water line could pass through 
tube {Uy U) wound in a spiral. 

For stirring, two perforated tubes (jS, S) are used. One of them is 
located beneath container P, the other on the bottom of jacket W, A 
constant stream of air saturated with vapor is maintained in both rings. 

Usually air from container P (§ 69) was removed before the start of the 
experiment. In some cases, however, (§ 71) the conditions of the exjxiri- 
ment does not permit a vacuum between the calorimeter and container P. 
If so, the correction (§ 62) should he made. Usually it constitutes less 
than 0.15 per cent of the total amount of heat evolved. 

The temperature of the water in the jacket is measured by using either 
a Beckmann or Ultra-Beckmann thermometer. The use of an electrical 
resistance thermometer is very convenient, especially, if the rates of tem- 
perature increases are very small. 

§ 60. Calculation of the Heat Developed. If and tn represent the 
temperatures of the adiabatic jacket at the start and at the end of the 
calorimetric process, and fc is the energy equivalent of the microcalorimeter, 
the following equation should be used for calculating the heat produced by 
the object: 

+ (I) 

Xp represents the heat developed by all the secondary phenomena. 

If the object, for instance, radium or a radioactive mineral, develops 
a constant amount of heat during an unlimited, or practically unlimited 
period of time, the amount of heat liberated in one hour is either; 
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( 2 ) 

h 

( 3 ) 


The use of equation (2) or (3) depends upon the nature of the secondary 
phenomena. In most of the cases Sp is proportional to the total temper- 
ature increase Atj and At increases proportionally to time h; thus Sp 
increases also proportionally to the number of hours during which the 
measurement is carried out. 

An adequately chosen method of comparative measurements (§ 23, 
24, 27) eliminates all or nearly all the corrections [2p in equations (2) and 
(3)]. In spite of this, it is important to examine the influence of two main 
corrections. One is associated with the loss of heat by the calorimeter in 
heating a certain amount of air found between calorimeter A and vessel P 
(Figure 33) ; the other is the result of small positive or negative deviations 
of the temperature of the jacket when compared with that of the calori- 
meter. 

§ 61. Correction for Heating the Air. A strictly adiabatic calori- 
metric measurement requires that the temix^rature in the jacket be kept 
equal to that of the calorimeter. If that condition is maintained during 
the experiment, no heat exchange between the surfaces of vessel (P) and 
calorimeter (A) (Figure 33) takes place. However, between vessel (P) and 
calorimeter (A) there is still some air. The amount is very small, if a low 
pressure (vacuum) is established in P; it is much larger if, for some reason, 
the air cannot be removed (§ 71). In that space the air is heated at 
practically the same rate as the calorimeter and the jacket, so that the cor- 
rection for the heat loss of the calorimeter is proportional to the increase 
of the temperature {tn — to ) . Since in the heating of air both the surfaces of 
vessel (P) and calorimeter (A) take part, it is reasonable to assume that the 
heat supplied by P and A is proportional to the surfaces involved. This 
is accepted as a basis for calculating the correction.®® 

Two cases are discussed below, one for a spherical, the other for a 
cylindrical calorimeter. 

Let us assume that both calorimeter A and vessel P (§ 59) are spherical, 
and that r and R represent the radii of these spheres. If v is the volume of 
air found between vessel P and calorimeter A, the following equation may 
be written : 

The amount of heat used for heating the air from to to tn is: 

q=^V‘Cv-d{tn-to) ^^Tr{R^-r^)cv'd(tn’-to) ( 1 ) 
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In this equation Cv is the specific heat of air at constant volume, and d 
is its density. As the total surface participating in heating is: 

^ = 47r(/22+r2) 

the heat supplied by the surface of the calorimeter is: 


or finally: 


Aq- 


q • Avr^ 


qr 


Aq 


4T(/22 + r2) R^ + r^ 

4 (R^-r^)d-Cv{tn-to) 
s'" R^-hr^ 


( 2 ) 

(3) 


Correction Aq may be expressed in percentage of the total amount of 
heat developed during the calorimetric measurement. If k is the energy 
equivalent of the calorimeter (sec § 22), the total amount of heat developed 
is: 

AQ = k(tn-to) 


or correction p expressed in per cent is: 


or: 


„ 4 -r’)r*- 100 

P/" s’" k(,R^+r^)(t„-U) 


p% = 418.6- 


4'Cv(R^-r^)r^ 


k(R^-i-r^) 


(4) 


If the air remains under atmospheric pressure and the temperature of 
the experiment is close to 20° C, density d is 0.00129 and the specific heat 
Ct, = 0.2. In this case equation (5) may be written: 

Below one example is given: If 12 = 6 cm: r = 2 cm; k = 18.7 cal. then: 

p% = 0.09% 


The correction is somewhat less than 0.1 per cent. If a cylindrical 
calorimeter is used and vessel P is a sphere, equation (6) is changed to 


P%“ 


0.0810(|ft’ - Ar“) ( Ar + r“) 
{R^-\-hr-{-r'^)k 


( 6 ) 


In this equation r is the radius of the cylinder and h its height. If the 
calorimeter is made of aluminum and r is 1.3 cm and /i = 4.3 cm, then 
k = 13.2 cal. If R is (as before) 5 cm and the pressure of air is one atmos- 
phere (at 20° C) then = 0.12%. 
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If the conditions permit one to establish a vacuum in space P (Figure 
33), the correction for heating the air becomes so small that it may be 
neglected. In fact it is many times smaller than the experimental error. 

§ 62. Correction for Heat Gains or Losses. As mentioned before 
(§ 60) it is difficult to heat the jacket at exactly the same rate that the 
calorimeter is heated by the object. Because of this, small positive or 
negative differences between the temperatures of the jacket and of the 
calorimeter are observed. Usually these differences are of very short dura- 
tion. In spite of this, some small heat gains or losses may result from these 
temperature deviations. The following simple procedure permits one to 
express this correction in degrees of the thermometric or in divisions of the 
gal vanome trie scale. 

Let us suppose that the object was removed and replaced by a thermally 
inert body having the same energy equivalent as the object. Suppose 
that the state has been reached at which the galvanometer does not show 
any current in the circuit, so the temperature of the jacket, <o, is equal to 
that of the calorimeter. 

Let us now change, as rapidly as possible, the temperature of the jacket 
by -f 0.1° or -0.1° and let us notice the time and change in the deflection 
of the galvanometer, Av. Ten or fifteen minutes later the jacket should 
be cooled or heated so as to establish exactly the same temperature as 
before (to). Thereafter a new reading of the galvanometer deflection 
follows; a difference, An, found on the galvanometer scale, results because 
during the experiment the calorimeter has lost or gained some amount of 
heat because of the difference in the temperature which was purposely 
established. It can be accepted for small changes in temperature and short 
periods of time that the deflections are proportional to the time intervals. 
Then coefficient B may be found from the equation: 




An 
At ‘A t 


(7) 


In this equation At is the initial difference in temperature and At the 
interval of time between the start and the end of the experiments. It is 
easy to express At, like An, in terms of the galvanometer scale, and Ar 
in minutes. 

Several experiments should be carried out changing each time At and 
its sign in order to prove that constant values for B are found. If B is 
higher (or lower) when At>0 and lower (or higher) if Af<0, it may result 
from some secondary phenomena, showing that the calorimetric system is 
not thermally inert (see § 63) . If an exceptionally high accuracy is required 
the kinetic method described in § 80 should be used for calculating value B 
in equation (7). 
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The success of an adiabatic measurement depends to a large extent 
upon the manner of heating or cooling the adiabatic jacket. It is important 
to avoid the deviations in reproducing the rate of temperature changes in 
the jacket. Fortunately, the temperature increases are usually very small 
and it is easy to acquire skill in handling either the electric heater or the 
valve of the water line, to keep the deviations in the range 0.001 to 
=fc 0.002® C. In the case of some deviations it is important also to have 
the fluctuations as symmetrical as possible. The symmetry of those devia- 
tions means that the positive deviations compensate the negative ones. In 
that way the correction for the heat exchange of the calorimeter becomes 
really very small. For instance, in the example quoted in § 58 the sum of 
the negative deviations is' equal to that of the positive. If the fluctuations 
in An are too large and too irregular, the experiment should be considered 
unsuccessful and the numerical values should not be taken into considera- 
tion. 

§63. Thermal Inertness of the Calorimetric System. Before con- 
sidering the secondary phenomena taking place during the measurement, 
it should be pointed out that a preliminary examination of the calorimetric 
system should be made in order to prove that the calorimetric system is 
thermally inert. In general, it may happen that due to some adsorption 
phenomena or to the evaporation of water from the surface of the calori- 
meter (desorption), some thermal phenomena may accompany the process 
examined. Consequently, an error may be committed because at the 
start the calorimetric system was not thermally inert. Besides adsorption 
or evaporation, aging phenomena (§ 84) or mechanical deformation (§ 82) 
of the calorimeter may also take place, which may cause some error. For 
this reason it is absolutely necessary to carry out blank experiments to 
prove that no thermal phenomena occur which are peculiar to the calori- 
meter itself. The test consists in establishing the same temperature in the 
calorimeter and in*the jacket and in maintaining this temperature in the 
jacket for one hour or more. If during this time no deflection of the 
galvanometer is observed, the calorimetric system may be considered as 
thermally inert. 

To avoid the phenomena associated with changes in the structure of 
massive metallic blocks (§ 82) or with aging of metallic alloys (§ 84) it is 
advisable to keep a calorimeter made of such materials in the calorimetric 
room for several weeks. They should be suspended in the same way as it 
is planned to suspend them in container P (Figure 33). Massive blocks 
should be located on a steel plate to which metallic wires or silver threads 
should be attached (§ 82). 

In some cases, however, it is impossible to carry out the blank experi- 
ments as previously described. For instance, if the heat of aging metallic 
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alloys is measured, heat is liberated even before the experiment starts. 
In that case the experiment should last long enough to determine whether 
any irregularities in the heat development occur at the beginning of the 
experiment. Usually, the adsorption or evaporation of very small amounts 
of water attached to the surface of the calorimeter is completed in 12 to 20 
minutes, and then regular changes in the heat development can be observed. 
In that case the first temperature readings should be rejected. 

If radioactive minerals constitute the object of the measurement, it is 
also advisable to repeat the experiment several times and not to take into 
consideration the first measurement, especially if the results obtained are 
unusually high or low. It is important to repeat the same series of mea- 
surements two or three weeks after the first series to see whether any 
irregularities existed which might have caused changes in the heat evolved 
in the exi)criments carried out shortly after the calorimeter was set up. No 
heating and no welding of some parts of the calorimeter is permissible for 
a period from ten to fourteen days before the start of the measurements. 

§ 64. Use of the Method of Comparative Measurements. In § 60 it 
was pointed out that the heat developed by the object is calculated by the 
equation : 

Mi->k(tn-to) + 2p 

In that paragraph an explanation of the symbols was given. It is of 
great importance to use siudi a method of successive comparative measure- 
ments that will eliminate most of the thcrmometric and calorimetric cor- 
rections. At the same time the corrections associated with measuring the 
temperature increase and energy equivalent k of the calorimeter 

may be eliminated. 

In general, the method of successive comparative measurements 
described in § 24 may be used. It consists in a direct comparison of the 
heat developed by the object with the heat evolved by an electric current. 
The resistance of the wire and the intensity of the current should be chosen 
so as to reproduce the time -temperature curve which characterizes the 
process under examination. The experimenter should decide whether the 
equipment he disposes permits him to measure with the required accuracy 
the amount of heat produced by the electric energy. Very often this is not 
the case ; therefore, it is convenient to use the method, described in § 22. 
This involves determining the heat liberated by the electric current in 
comparison with the heat produced by the same current in another calori- 
meter, with a known energy equivalent. Tliis method is especially useful 
if the time-temperature curve is irregular so that the electric current often 
needs to be changed in order to reproduce the same rate of heating as in 
the main calorimeter. 
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The electric heater is usually built into the calorimetric system. Its 
energy equivalent should be included in the value k (§ 22) of the whole 
calorimetric system. The location of the resistance wire and the diameter 
of the spiral in which it should be wound play an important role. In fact, 
this must be done to keep the rate of heating of the outside layer of the caloric 
meter walls equal to that produced by the object. Sometimes the electric 
heater should be located in the center of the calorimeter. In that case it 
should be removed and replaced by the object (for instance, by the glass 
tube with the radium preparation) before carrying out the measurements 
proper. 

If the identity of conditions of two successive measurements, one with 
the object, another with the electrical heater, are fulfilled, the following 
two equations may be written. 

AQ = k(tn- to) + Sp = kAt -f- Sp 

AE = J • 1*2 • r • T =» k(t'n — ^'o) 4* 2p' = kAt' + Sp' 


If At' is equal to ; Sp' should be equal to Sp, and therefore : 

AE = J = AQ 

In that case it is not necessary to determine separately the energy 
equivalent of the calorimeter, k. In addition, At = {tn - U) can be expressed 
in degrees of the arbitrary thermometric scale. 

If the time-temperature relation of the thermal process is expressed by 
a straight line, a direct measurement of electric energy becomes more con- 
venient. In fact, the electric current may be kept constant and time r 
may be measured with sufficient accuracy without special expensive equip- 
ment. For instance, if the heating is carried out for three hours, an ordi- 
nary stop-watch may be used and time r may be determined within =*= 1 
second, which is an error of one part in 10,800. 

In measuring the heat developed by radioactive substances some authors 
have used another method of comparative measurements,^®' i.e., replac- 
ing the radioactive substance under examination by a standard radium 
preparation. If this method is used, the temperature increases. At and 
Ataj are not equal (as- they can be, when an electric heater is used). In spite 
of this, if the assumption that 2p changes proportionally to temperature 
increase At is correct, the equation: 

AQ : AQ,-Ae : A«, 

may still be employed. In this equation the subscript letter relates to the 
experiment with the standard preparation. 

The determination of the heat developed by radioactive minerals 
changes the conditions of the experiment so that none of the conventional 
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comparative methods (§ 22, 23, 24) can be applied. In these investiga- 
tions the calorimeter is made of thin metallic walls, and it is filled with the 
radioactive mineral. In addition, because of very small amounts of heat 
evolved by radioactive minerals, the experiments last as long as 16, 24 and 
even 36 hours. To employ the method of comparative measurements in 
that case the following modification may l)e recommended. The electric 
heater should bo located in the microcalorimeter so as to heat the whole 
charge of the radioactive mineral as uniformly as possible. At least two, 
and better a series of measurements .should be carried out. First, the heat 
developed by the mineral alone should be mea.sured, then the heat developed 
by the mineral and by succes.sive electric currents fi, U, is, etc., should be 
determined. Assuming that Sp changes proportionally with time r and 
temperature increase At, one may use the following .series of equations; 

aQ M 

&Q+Ji\r-3m) Ah' 

^ 

AQ+/t*r-3600 Ah’ ‘ 


In the.se equations AQ is the heat developed by the object in one hour; 
At, Ati, Atz, At), etc., are the hourly temperature increases; r is the resistance 
of the wire; and ii, is, is, etc.; are the intensities of the electric currents. If 
AQ varies within the limits of the experimental error it may be concluded 
that Sp increa.ses proportionally with t (and At). If so, these equations 
can be u.sed. 

§ 65. Twin Adiabatic Calorimeters. In the previous paragraph it 
was pointed out that if precise equipment for measuring time intervals, r, 
resistance, r, and intensity of electric current, i, is lacking, or if for reproduc- 
ing the time-tem[jcraturo curve the intensity of the current should undergo 
steady changes, the absolute determination of value AE (see equation in 
§ 64) should Iw abandoned and the method of twin adiabatic calorimeters 
(§ 22 and 70) should l)e used. One of the calorimeters should be made of 
silver or copper so that its energy equivalent ki (see equation in § 22) can 
be calculated with sufficient accuracy. 

§ 66. Accuracy of Measurements. There are usually so many 
factors which exert their influence on the accuracy of microcalorimetric 
measurements that it is almost impossible to express in percentages the 
limits of experinaental errors in tho.se measurements. For simplification, 
the following assumptions can be made: (1) No side reactions take place. 

(2) The general conditions of the experiment permit one to remove air from 
the space between the calorimeter and vessel P of the jacket (Figure 33). 

(3) The object produces heat at a constant rate. (4) The adiabatic con- 
ditions are maintained so that no measurable amount of heat is lost or 
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gained by the calorimeter. ^5) All thermometric and calorimetric correc- 
tions are eliminated by an adequate use of the method of comparative 
measurements. If all these conditions are fulfilled, the equation 



maybe used for calculating the absolute and the relative error of the experi- 
ment. 

The absolute error depends on the accuracy with which ''apparent’^ 
energy equivalent k is determined. This largely depends on the size of 
the microcalorimeter and. on the method used for measuring the energy 
equivalent, A;, of the calorimeter. It is probable that under favorable con- 
ditions the absolute error may be equal or even lower than 0.2 per cent. 
If very small microcalorimeters are used the error may be slightly greater. 

The relative error of the experiment depends upon temperature increase, 
A/, and the accuracy with which this increase can be determined. It should 
be remembered that for determining the starting and the final temper- 
ature only two temperature readings, U and tny are involved. The other 
readings are carried out with the purpose of maintaining the adiabatic 
conditions of the process. In each ca^e, however, not only the temperature 
readings but also the determination of the difference between the temper- 
atures of the calorimeter and of the jacket may cause an error. It should 
be assumed that both temperature readings, and are made at the con- 
veniently chosen moment when no deflection of the galvanometer needle is 
observed. This means that at these moments the temperature of the jacket 
is equal within the limit of experimental error to the temperature of the 
calorimeter (its* surface). These readings, however, may also include 
errors; hence the determination of and tn may be shifted toward one or 
the other side by the errors of temperature and galvanometer readings. 
The temperature readings can be made with an accuracy of ± 0.0005®, if a 
mercury thermometer and an adequate microscope are used. The error 
may be reduced to 0.0001® if an electrical resistance thermometer is 
employed for measuring the temperature of the jacket. The reason why a 
further increase in the precision of the thermometer readings does not 
increase the accuracy of the calorimetric measurement is discussed in § 67. 

The accuracy with which the difference between the temperatures of 
the jacket and the outside surface of the calorimeter can be determined 
depends on the number of thermo junctions of the thermopile. In principle, 
that number may be large enough to permit highly accurate galvanometer 
readings. However, under the conditions which usually exist the increase 
of this accuracy may be ineffective; it depends largely on the object and 
on the size of the calorimeter. If one thermocouple is employed, an error 
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of 0.0014° in measuring the difference of temperature may be made. Con- 
sequently, A< = ^n“^oUiay be determined with an error of 2(0.0005 + 
0.0014) = 0.0038°. If the heat developed by the object in one hour is 
examined, the relative error of the experiment is 

A; 0.0038 100^ 0.0038 100^ 

■ AQ‘h Ath 

As in a number of cases At increases proportionally with the time during 
which the measurement is conducted, the error decreases with increase of 
the duration of the experiment. For instance, when measuring the heat 
developed by absorption of alpha and beta particles and most of the gamma 
radiation emitted by radium, the error does not exceed 0.2 to 0.3 per cent, 
because the experiment can last as long as desired. The determination of 
the heat of evaporation of volatile liquids may be determined with an 
accuracy of =t 0.3 per cent. Further improvements may still increase the 
accuracy of measurements by the adiabatic method just described. 

§ 67. Applicability of the Adiabatic Method. In connection with 
the applicability of the method of the adiabatic microcalorimetcr described 
in previous paragraphs, the following questions were discussed: Does the 
use of multi-junction thermocouples and some improvement in the accuracy 
of temperature readings increase the accuracy of the measurements? At 
the same time can the number of objects examined by this method also be 
increased? Up to this time these questions remain without any definite 
answer. Two facts are responsible for this. There are but few systematic 
and precise microcalorimetric measurements which show a satisfactory 
applicability to automatic regulation of the rate of heating the adiabatic 
jacket.^®* Secondly, soon after the adiabatic microcalorimeter had been 
employed, other methods were found'®®' '®'' '®® more precise and per- 
haps more convenient. They require the use of an isothermic jacket, for 
which the problem of self-recording equipment and autoregulation has been 
solved by a number of authors (see § 6, 8). 

The increase in precision of the adiabatic method is associated mainly 
with the accuracy with which the rate of heating the adiabatic jacket can 
be accomplished. At present the heating curve can be established with an 
accuracy of =*= 0.001 to 0.002°. This is the main reason why a considerable 
increase in precision of temperature and galvanometer readings remains 
ineffective. 

In most cases it is more important to increase the duration of the experu 
ment than to increase the precision of measuring the temperature of the jacket 
and the difference At between the temperature of the calorimeter and of the 
jacket. 

There is only one particular case in which precision in temperature and 
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galvanometer readings may be considerably increased. It consists in 
measuring the very small and constant amount of heat developed by objects 
which may be used in large quantities. Radioactive minerals are typical 
objects of that kind. Heating the jacket at a constant rate does not present 
any difficulty and the measurement can last a number of hours so as to 
have a reasonably large increase in temperature. In that case multi-junc- 
tion thermopiles may be used and the accuracy of temperature readings 
considerably increased. 

There is another limitation in the use of the adiabatic microcalorimeter. 
This method cannot be used if the temperature in the calorimeter changes 
rapidly and if the amount of heat developed by the object per unit of time 
increases with temperature. This applies to chemical reactions the velocity 
of which increases rapidly with temperature. Another case in which it is 
undesirable to have large temperature increases in the calorimeter is any 
kind of physiological or biological investigation, in which the object should 
be kept at constant temperature. The hardening of cement is a typical 
reaction in which a change of temperature of the calorimeter, even of a 
small fraction of a degree, changes the amount of heat produced in unit 
time. 

In spite of these inconveniences, if no other calorimetric method can 
be used, the experiments might be carried out so as to avoid these complica- 
tions to a large extent (§ 73). 

§ 68. Heat Developed by Radioactive Elements. In 1928 Miss A. 
Dorabialska used for the first time the adiabatic microcalorimeter shown 
in Figure 32. Her first measurements were made at the Curie Radium 
Institute, Paris. She continued her investigations at Warsaw^®- 29, ao, 31, 32 
and applied the adiabatic method later^'* at the Physicochemical Laboratory 
of the Institute of Technology, Lwow. Using a strong preparation of 
polonium, she succeeded in determining the half-life of this element by the 
calorimetric metliod. The value obtained was close to that found by other 
methods. She found that the heat developed by pitchblende of Jachimovo 
(Joachimstal), Czechoslovakia, was: 6.37x10“^ cal/g/hr. She and J. 
Sterba Bohm noticed®^*^^^ that in some cases the salts and the sulfides or 
oxides of both rare and common elements, like arsenic and antimony, 
develop a very small amount of heat at room temperature. The results 
obtained by A. Dorabialska have stimulated the writer to improve the 
structure and the functioning of the microcalorimeter®®’ so that 10“® 
calorie per gram in an hour could be measured with sufficient accuracy (see 
§ 81). A number of experiments have been made with the new equipment, 
and they have shown that at least some materials have liberated small 
amounts of heat for weeks and even months (§ 82, 83, 84). 

After the precision of 0.2 to 0.3 per cent had J)een reached, Madame M. 
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Curie agreed with the writer that two special microcalorimeters should be 
built in Warsaw and their functioning examined with the radium prepara- 
tion of the Sklodowska-Curie Radium Institute at Warsaw; afterwards, 
these two calorimeters would be sent to Paris for measuring the he'at 
developed by the standard radium preparation. It was planned to repeat 
the measurements every few years to observe the change in heat develop- 
ment with time. In 1933 I. Zlotowski completed the preliminary investiga- 
tions carried out in Warsaw and then went to Paris, where he worked for 
several months before and several years after Madame Curie^s death. In 
addition to his own investigations, Madame Curie gave him a series of 


Figure 34. 

Adiabatic Calorimeter 
With a Series of Coaxial Lead 
Spheres for Measuring the 
Heat of Radium Radiations. 



radioactive substances for measuring the heat Uberated. As far as is 
known to the writer, no results of these measurements have been published 
l)ecause of the death of Madame Curie in 1934. 

In Figure 34 the first type of apparatus used by I. Zlotowski is shown. 
In principle it is the same as that shown in Figure 33. The essential dif- 
ference consisted in the use of several concentric spheres made of lead, to 
allow changing the thickness of the screen from 2 to 7.3 cm. 

Using the smallest sphere one could measure the heat of absorption of 
all the alpha and practically all the beta particles. The percentage of 
gamma rays absorbed could be calculated when their absorption coefficient 
was known. The largest sphere was thick enough to absorb 97.5 per cent 
of the gamma rays. In that way it was possible to draw the curve express- 
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ing the relation between the diameter of the sphere and the total amount of 
heat measured in the experiment. It was possible also to draw the curve 
expressing the change of the heat produced exclusively by the gamma rays 
with the change of thickness of the screen. 

To avoid any accidental error associated with galvanometer readings 
two independent thermocouples were used, both attached close to the sur- 
face of the calorimeter wall. The deviations from the adiabatic course of 
the measurements have never exceeded =*= 0.002®. 
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Figure 36. 

Curve Showing the Change 
in Heat Developed by 
Gamma Rays With the 
Change of the Diameter of 
the Screen. 


In Figure 35 the absorption curve for gamma rays is shown. Accord- 
ing to calculations the screen of lead 6.0 cm thick absorbs approximately 
97.5 per cent of the gamma radiation. The experiments have shown that 
the gamma radiation is not uniform; hence the curve differs to some extent 
from that expressed by the simple exponential equation. After it has 
passed a screen 2 cm thick it becomes practically uniform. Zlotowski^^g 
gave the following figures for the heat of absorption of the radiation. The 
figures relate to one gram of radium in one hour: 

Heat liberated by absorption of alpha and beta particles 130.6 cal/gh 
Heat liberated by absorption of gamma rays (RaB and RaC) 9.1 cal/gh 

The total amount of heat — 139.6 calories per gram in one hour — 
represents the hea^ liberated by absorption of all particles and rays emitted 
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by radium and its transformation products including RaC. The average 
error is =*= 0.2 per cent, which seems to be the lowest ever reached in direct 
calorimetric measurements of this kind. The results obtained by Zlotow- 
ski agree well with those based on calculations of the kinetic energy of alpha 
and beta particles. 

Ten years have passed since then, and it is important to repeat the 
measurements using the same equipment, which is still at the disposal of 
the Curie Radium Institute, Paris. 

§ 69. Adiabatic Microcalorimeters for Measuring the Heat Produced 
by Gamma Rays and Beta Particles. It has been mentioned above that 
according to an agreement with Madame Curie another microcalorimeter 
was built in Warsaw and tested at the Sklodowska-Curie Radium Institute. 
Its purpose was to measure exclusively the heat produced by gamma rays. 
The cross section of this apparatus is presented in Figure 36. It is com- 
posed of two parts: a central device (^) for absorption of the heat 
developed by alpha and beta particles and a small portion of the gamma 
rays, and the calorimeter proper (B) for measuring the heat of absorption 
of the part of the gamma radiation retained by the lead screen (R). The 
central device resembled the labyrinth flow calorimeter described in detail 
in Chapter X (§ 89, 90). In the center of that device, consisting of two 
coaxial glass tubes 1 and 2, tube R containing the radium preparation was 
suspended. All the alpha and most of the beta particles emitted by the 
radium preparation were absorbed by water streaming through the laby- 
rinth. The water entered the labyrinth through inlet tube Oi; it was 
taken directly from the adiabatic jacket, which is not shown in the figure. 
After passing through passageways 1 and 2, the water left the device through 
outlet tube O2. Since the temperature of entering water is, at any moment, 
equal to the temperature of the calorimeter (R), no heat is transferred by 
this stream from outside the calorimeter. The amount of water passing 
through the calorimeter was large enough to keep the difference between 
the temperatures of water leaving and entering the labyrinth equal to or 
less than 0.001°. Under these conditions the difference in temperature 
between water in the outside passageway (1) and the calorimeter (R) was 
so small that no influence on the latter could be noticed. To protect 
the calorimeter more effectively against any radiation from either tube 1 or 
the jacket, a high vacuum was maintained in container P. A series of 
blank experiments in which the radium preparation (R) was replaced by an 
electric heater proved that no measurable quantities of heat were trans- 
ferred from passageway (1) to the calorimeter (R). 

The calorimeter (R) was suspended by means of silk threads (C) 
attached to hooks (Ri, R2 and R3). Two thermocouples (Ti and T 2 ) were 
used. One copper-constantan junction of each of the thermocouples was 
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attached to the surface of the calorimeter {B ) ; the other was located in a 
side tube as shown in Figure 36. 

Blank experiments have proved that the clorimeter made of lead was 
thermally inert (see § 63 and § 82). 



The experiment was conducted like any other in an adiabatic calori- 
meter. The only difference was that at the beginning it was necessary to 
stop the stream of water in the labyrinth to open the stopi)er and to suspend 
tube R (Figure 36) with the radium preparation. Each experiment lasted 
long enough to observe a sufficiently large temperature increase. 
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The accuracy of the measurements depended not only upon the precision 
with which the amount of heat could be determined, but also upon the 
determination of the percentage of gamma rays absorbed by the walls of 
the calorimeter. To calculate this, it was necessary to take several factors 
into consideration: first, the percentage of gamma rays absorbed by the 
glass and water in the labyrinth; secondly, the percentage of the radiation 
absorbed by the screen of lead; and finally the fraction of gamma rays 
which left the apparatus without passing the screen. To avoid errors 
resulting from these calculations, several calorimeters different in size and 
shape were built and used. Some of them were similar to that shown 
in Figure 36. They differed only in wall thickness. The others were 
cylindrical and were left open at both top and bottom. The results of the 
measurements with all these calorimeters agreed satisfactorily. 

After all the details of handling this type of apparatus were carefully 
examined at Warsaw, Zlotowski went to Paris and completed a series of 
investigations at the Curie Radium Institute, Paris. He found that the 
total amount of heat evolved by gamma rays of RaB and RaC contained 
in one gram of radium was 9.1 calories in one hour. The error, ±0.15 
calorie per hour expressed in percentage, was ± 1.7. It was lower than the 
errors with which that value was measured or calculated in the past. 

Zlotowski^s paper^^® contains a number of numerical data relating to 
the [ipparatus shown in Figinx^s 34 and 36. They cannot be given here in 
detail. Th(i following two statements of the author translated from French 
as literally as possible may be found important: ‘The calorimetric method 
based on theoretical considerations may be accepted as being most quahfied 
for measuring the energy of the radiation of radioactive elements.” “All 
values obtained have resulted from direct experiment; they may be con- 
sidered as a good proof of the correctness of some theoretical conceptions. 
They confirm the results obtained in various other ways.” 

In 1941 I. Zlotowski^*’® published another paper in which a somewhat 
modified adiabatic microcalorimeter was described for determining the 
mean energy of beta particles emitted by radium E. The experiments were 
made at the Laboratory of Nuclear Chemistry, College de France, Paris.^"*® 
In Figure 37 the microcalorimeter used by Zlotowski is shown. It consisted 
of a hollow nickel cylinder (P) suspended as in other cases (§ 59) by means 
of four silk threads inside the container (P in Figure 33) wliich was immersed 
in the adiabatic jacket (shown in Figure 33). Microcalorimeter P was 
covered with a well-fitted upper screen P. Radioactive deposit found on 
the small disk (S) made of nickel could be easily located between P and P. 
The mass of the calorimeter did not exceed 10 g; in spite of this all alpha 
or beta particles emitted by the radioactive substance were absorbed by 
the nickel screen. Alpha particles emitted by polonium served for the 
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calibration of the calorimeter. The adiabatic conditions of measurement 
were controlled by means of two copper-constantan thermocouples, shown 
in Figure 37. The jimctions of the thermocouples were separated from the 
source by at least 4 mm of nickel, to avoid the influence of thermoelectric 
circuits produced by beta particles. Zernicke’s galvanometer, with a 
sensitivity of 1 .8 X 10~® volt per mm at 2 meters, was used. This permitted 
the measurement of differences in temperature of =•= 0.0005°. The temper- 
ature of the adiabatic jacket was kept equal to that of the microcalorimeter 



Figure 37. 

Zlotowski’s Microcalorimeter 
for Measuring the Heat of 
Absorption of Beta Particles 
Emitted by RaE. 


by adding hot water through a tube provided with a number of small holes. 
This tube was located near the bottom of the jacket. Air saturated with 
water vapor was used for stirring, as described in § 58 and 59. 

The energy equivalent of the calorimeter was determined for each of 
the series of measurements separately by measuring the heat of absorption 
of polonium deposited on nickel foil. Its strength was close to ‘'the amount 
of Po built up in the used RaE source after the practically complete decay 
of the parent substance. The measurements with six sources of Po 
between 400 and 4000 e.s.u. (1 millicurie of Po equals 1340 e.s.u., solid 
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angle 2ir) yielded an increase of temperature of 0.0166® per hour for each 
1000 e.s.u. of Po with no determination varying more than 0.0001® from 
the mean.^’ “The accuracy of measurements depended directly upon the 
electrometric evaluation of the polonium source. By using the Madame 
Curie absolute apparatus with its precision of one to two per cent, it appears 
reasonable to assume that the energy equivalent of the calorimeter could 
be determined with an accuracy of two per cent.'' 

“With precautions to obtain thermal equilibrium before readings were 
taken, RaE sources of 40 to 80 millicuries were used and the temperature 
rise (0.2® to 0.4®) over a four-hour period noted. Such sets of readings were 
made daily over a period of about 30 days, until the parent RaE had 
practically disappeared." In Figure 38 two curves expressing the change in 



Figure 38. Diagram of the Heat Evolution from RaE Sources. 
Curve A, RaE Source of 80 me. Curve B, RaE Source of 45.5 me. 


heat production with time are shown. “In each set of experiments the 
values found in the first 36 hours were systematically high. Since the first 
set was carried out in air, it was supposed that supplementary effects had 
been produced by some chemical reactions with oxygen. Hence, a second 
series of measurements was carried out in an atmosphere of nitrogen, but 
despite this precaution the effect was not suppressed." The author gave 
an explanation of this phenomenon. “It appears at first that the dis- 
crepancies observed are due to some secondary chemical phenomena taking 
place either in the material of the source support or in the radioactive deposit 
under the action of oxygen in the air, or to traces of some oxidizing agents 
not eliminated from the source by the preparatory treatment. This 
assumption seems to find confirmation in the fact that, after a compara- 
tively short period of time, all measurements carried out during many sub- 
sequent days lead to JBRaE values lying within experimental error." 

In the original paper a detailed description of the method of calculat- 
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ing the results obtained is given. Two examples showing the execution of 
the calorimetric measurements are also presented, and a table containing 
seventeen measurements carried out in a period of abo it five weeks is 
included. 

*The mean value of the energy of disintegration of RaE, deduced from 
our measurements, is 320,000=4=5000 ev,’^ concluded the author. “If 
the amount of RaE is expressed in millicuries, the heat effect due to the 
emitted beta rays is equal to 1.61 =±= 0.03 cal/mc of RaE per hr.^^ The data 
obtained by Zlotowski have been compared with those obtained by other 
experimenters. 

“Ellis and Wooster®® have obtained by calorimetric methods values 
somewhat higher (350,000 =*= 40,000 ev).^^ Zlotowski expresses his opinion 
that an error of about ten per cent in this value should be expected. 

“The integration of the continuous spectra of RaE beta rays, obtained 
by various workers, leads to an average energy value differing little from 
330,000 ev. The most probable value given by Sargent,^®® as a result of an 
analysis of all experimental investigations,” published in the period from 
1915 to 1933, “is 340,000 ev. Recently, Neary^® found a similar figure 
from a new experimental study of beta-ray distribution.” Zlotowski 
emphasizes that this value is also too high. Other experiments mentioned 
in his paper have led to values which are lower than that obtained in his 
experiments (300,000 ev,^- ^ and 250,000^° ev). 

The value calculated by Martin and Townsend,*^® concludes the author, 
was found to be equal to 321,000 ev, and “the very precise energy distribu- 
tion (down to 5 Kev) published by Flammersfeld,^^ after our work was 
completed, leads to a value from 315,000 to 320,000, which nearly agrees 
with our (Zlotowski’s) evaluation.” 

§70. Specific Heat Determination of Solid and Liquid Substances. 
The adiabatic twin calorimeters have been used for determining the specific 
heat of solid and liquid substances. S. Rybicka, W. Solodkowska and the 
writer®® employed this method to show its applicability for measuring the 
heat capacity not only of solid bodies but also of liquids, and to prove 
whether energy equivalent k of microcalorimeters may be determined as 
described in § 22. 'A calorimeter made of copper served as standard for 
the energy equivalent determination. 

Pyridine was the liquid, the specific heat of which was measured by the 
adiabatic method. It has been proved that in spite of the poor thermal 
conductivity of the liquid it was possible to attain equalization of temper- 
ature inside the calorimeter. 

The figures quoted below show the difference in precision of measuring 
the specific heat of aluminum and pyridine. 
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Heat Capacity of Aluminum at 17® 


tl 

0.160 

0.117 

k 

0.245 

0.180 

C17 

0.2145 

0.2137 



0.2141*0.05% 


Heat Capacity of Pyridine at 17® 


h 

k 

Cl7 

0.153 

0.298 

0.4090 

0.157 

0.305 

0.4109 

0.156 

0.304 

0.4088 

0.152 

0.298 

0.4057 

0.162 

0.315 

0.4112 

0.4091 * 0.4% 


In the tables ti and t 2 are the temperature at the beginning and at the 
end of the experiment, c is the heat capacity of the object examined at 17®. 

In Figure 39 the twin adiabatic calorimeters are shown. At the time 
when the experiments were carried out the adiabatic jackets were not pro- 



Figure 39. Twin Microcalorimeters for Specific Heat Determination. 


vided with a chamber for the galvanometer, as shown in Figure 34. A. 
Dorabialska used the same method for measuring the specific heat of 
radioactive minerals and salts containing rare elements.^® 

§ 71. Determination of Heat of Vaporization and Adsorption. 
E. Bartoszewicz® and the writer®® employed the adiabatic microcalorimeter 
for measuring the heat of adsorption of vapors by activated carbon and the 
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heat of vaporization of volatile liquids. The vaporization of the liquid 
from inside the calorimeter took place at room temperature. To carry out 
these experiments the device shown in Figure 40 was used. The details of 
the structure of the whole equipment are shown in Figure 33 (§ 59). For both 
of these experiments vessel P was provided with two side tubes, 0 and O'. 
In these was located either the liquid, the vapors of which were to be 
adsorbed, or activated carbon for adsorbing the vapors of the liquid found 
in the calorimeter. In experiments dealing with adsorption the calorimeter 
was filled with activated carbon; for determining heat of vaporization, it 
contained the volatile liquid to be evaporated. 



Figure 40. Microcalorimeter for Measuring the Heat of Adsorption and Vaporization. 

The microcalorimeter was made of silver. It consisted of two parts, 
sphere A and cylindrical vessel B, Sphere A was located in the center of 
vessel P, as shown in Figure 33, and fastened there by means of four silk 
threads. For this purpose, sphere A was provided with four screws, £/, 
to which the silk threads were attached. Vessel B (Figure 40) could be 
removed from the calorimeter for filling with the substance under examina- 
tion and for weighing on a microbalance before and after completion of the 
measurement. By means of rod K, cup C (shown on the vertical projection 
in Figure 40) could be removed at the start of the measurement and put 
once more in its place after the experiment was completed. The screw 
attached to cover C fitted well and made impossible the penetration of the 
vapors through that place. To tighten this connection the whole surface 
of the cover and the screw was covered with a tiny layer of Vaseline. In 
that way the slightest diffusion of vapors through the cup could be stopped. 
Thermocouple T was located closer to the surface of sphere A than shown 
in the figure. 
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The heat of adsorption was measured in the following manner. After 
vessel By containing a known amount of activated carbon, was placed in 
the calorimeter, some of the liquid under examination was poured into two 
small glass test tubes, each of which was placed in one of the tubes 0 
(Figure 33). Then the identity of the temperature in the calorimeter and 
in the jacket was established. This was possible by changing in a proper 
way the temperature of the jacket so as to eliminate the deflection of the 
galvanometer. After the zero point on the galvanometer scale was reached, 
the preliminary experiment could be started. This consisted in proving 
that there is no penetration of vapors into vessel B, In case of such a 
penetration heat would be liberated and the temperature of the microcalori- 
meter would become higher. 

It should be emphasized that after the space in vessel P is filled with 
vapors of the liquid under examination, all the surfaces, including that 
of the microcalorimeter, adsorbed a small amount of vapor. Usually this 
phenomenon lasted a very short time. It was completed before the test of 
the tightness of the calorimeter was made. 

The experiment started after it had been demonstrated that the temper- 
ature of the microcalorimeter did not change for at least one hour. The 
adsorption started shortly after the removal of the cover. The process was 
similar to that shown in diagrams B and B' in Figures 1 and 3. First, a 
rapid rise of temperature was observed, then its linear increavse with time 
could be noted. The vessel (B) was finally closed after a reasonable 
increase of temperature was reached, and rod K was rapidly removed, after 
the cover had been located in its propter place. The thermal equilibrium 
was usually established in two or three minutes, so that the temperature of 
the calorimeter remained constant. The test of the tightness of the calori- 
metric cover followed each of these measurements. 

In the process just described the calorimeter has a uniform temperature 
at the start and after the completion of the measurement. This is not 
so during the experiment. The temperature of the activated carbon 
is higher than that of the walls of the calorimeter. To decrease this 
lack of temperature uniformity, several pieces of thick silver wire were 
placed ill 5. Because of the high thermal conductivity of silver, the 
local rise of the temperature of the activated carbon could be considerably 
reduced. 

The method described made it possible to measure the average heat of 
adsorption of the vapors, which means that not only the surface, but the 
capillaries of the activated carbon were filled with the substance which was 
adsorbed (see §53). 

The following results have been obtained by Miss E. Batoszewicz and 
the writer.®' 
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Heat of Adsorption of Benzene Vapors by Activated Carbon 


a 

.^v 

K 

Q 

(mg) 

At 

(cal) 

(Xoal) 

22.7 

0.320“ 

13.42 

14.75 

74.9 

0.992“ 

13.79 

14.75 

60.0 

0.655“ 

13.78 

14.09 

71.0 

0.994“ 

13.79 

14.65 



Average: 

14.56=*= 1.8% 


In this and in the following two tables a is the amount of vapor of the 
volatile liquid adsorbed, At is the temperature increase, K is the energy 
equivalent of the microcalorimeter, and Q the heat of adsorption of one 
gram-molecule of the liquid expressed in Kilocalories. 


Heat of Adsorption of Ethanol by Activated Carbon 


a 


K 

Q 

(mg) 

At 

(cal) 

(Xcal) 

18.7 

0.475“ 

13.40 

16.75 

17.9 

0.444° 

13.74 

15.55 

16.5 

0.405° 

13.74 

15.59 



Average: 

15.63 =*=0.06% 

Heat of Adsorption of Carbon Tetrachloride by Activated Carbon 

a 


K 

Q 

(mg) 

At 

(cal) 

(Xcal) 

98.3 

0.720° 

13.76 

15.61 

66.7 

0.526“ 

13.39 

16.20 

90.1 

0.688° 

13.39 

15.71 



Average: 

15.84=*= 1.5% 


The heat of vaporization of volatile liquids was made in a similar way. 
This time the liquid was located in the microcalorimeter. Small test tubes 
filled with activated carbon or phosphoric anhydride were placed in two side 
tubes, 0 and O', of vessel P (Figure 33). 

The execution of the experiments has been somewhat improved and the 
experimental erfOr has been decreased when compared with the measure- 
ments of the heat of adsorption. In the tables the symbols are as follows: 
a the weight in miligrams of the liquid evaporated, h the duration of the 
experiment expressed in hours. At the temperature decrease of the calori- 
meter, AQ the heat absorbed, ko the heat of vaporization of one gram of the 
liquid expressed in calories, L 20 the molecular heat of vaporization, expressed 
in Kilocalories. 


Methanol 


a 

h 


-AQ 

lio 

Lto 

(mg) 

(hre) 

-At 

(cal) 

(cal) 

(iCcal) 

25.49 

3i 

0.395° 

7.349 

288.3 

9.23 

40.30 

34 

0.618° 

11.557 

286.7 

9.18 

20.30 

5 

0.387° 

5.808 

Average: 

286.1 

287.0 

9.16 

9.19 .*=0.3% 
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Ethanol 


a 

h 


-AQ 


Lao 

(mg) 

(hrs) 

-At 

(cal) 

(cal) 

(Xoal) 

16.57 

3:00 

0.198° 

3.725 

224.8 

10.35 

18.38 

3:20 

0.217° 

4.084 

222.2 

10.22 

24.97 

4:00 

0.302° 

5.648 

226.2 

10.41 


Average: 

224.4 

10.33*0.7% 




Propanol 



32.47 

6:00 

0.315° 

5.891 

181.4 

10.89 

23.83 

4:00 

0.228° 

4.264 

178.9 

10,74 

25.97 

4:30 

0.250° 

4.675 

180.0 

10.81 



Average: 

180.1 

10.81*0.5% 




Isopropanol 



24.47 

5:00 

0.230° 

4.301 

175.7 

10.55 

22.99 

4:00 

0.217° 

4,077 

177.3 

10.65 

25.61 

5:14 

0.239° 

4.469 

174.5 

10.48 



Average: 

175.8 

10.56*0.6% 



Normal Butanol 



24.35 

5:25 

0.192° 

3.602 

147.9 

10.96 

22.22 

5:25 

0.177° 

3.335 

150.0 

11.12 

29.03 

7:10 

0.232° 

4.373 

150.7 

11.16 



Average: 

149.5 

11.08*0.7% 




Water 



10.60 

8:00 

0.327° 

6.199 

585 

10.54 

7.50 

8:00 

0.231° 

4.354 

580 

10.45 

7.78 

8:30 

0.241° 

4.520 

581 

10.47 

7.05 

7:00 

0.218° 

4.079 

578 

10.41 



Average: 

581 

10.47*0.3% 




Benzene 



74.9 

5:00 

0.392° 

7.329 

97.8 

7.63 

63.3 

3:00 

0.327° 

6.231 

98.4 

7.68 

60.5 

6:00 

0.315° 

5.958 

98.5 

7.69 


Average: 

98.2 

7.66*0.3% 




Chloroform 



15.9 

1:07 

0.056° 

1.058 

66.5 

7.95 

102.8 

2:00 

0.345° 

6.873 

66.8 

7.97 

35.2 

1:25 

0.125° 

2.364 

67.1 

8.01 



Average: 

66.8 

7.97*0.3% 


The experimental error varied from ± 0.3 to 0.7 per cent. The dura- 
tion of the measurements depended to a large extent on the volatility of 
the liquid. For instance, it took about two hours to determine the heat 
of vaporization of chloroform and eight hours to carry out the experiment 
with water. The amount of chloroform evaporated during two hours was 
100 miligrams, and that of water only 7 miligrams, in spite of the fact that 
the experiment lasted four times longer. These observations have 
shown that it is easier to operate with highly volatile liquids. This con- 
clusion is important, because, if the method of measuring the condensation 
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of vapors is used, it is just the opposite; it is more difficult to operate with 
more volatile than with less volatile liquids, so that the experimental error 
increases with the increase in volatility of the liquid. In this way the 
adiabatic method of measuring the heat of vaporization of liquids should 
be used in those cases in which the conventional method of measuring the 
heat of condensation of vapors presents difficulties. There is another 
reason why preference should sometimes be given to the adiabatic method. 
It often happens that the pure organic liquid is available only in small 
quantities; 100 miligrams of the liquid is sufficient to complete one and 
sometimes several measurements. 

§ 72. Application of the Adiabatic Microcalorimeter in Biology. 
Mrs. W. Solodkowska*^ has employed the adiabatic microcalorimeter for 
measuring the heat of germination of seeds and the heat developed by grow- 
ing plants. The seeds could be located in the calorimetric chamber under 
the conditions usually applied for determining the percentage of healthy 
seeds. In the case of plants, a stream of air should pass the calorimeter 
and the humidity of air entering and leaving the chamber should be con- 
trolled. In both these experiments care was taken to interrupt the experi- 
ment when the temperature increases became too large. 

Shortly after these measurements were completed, the labyrinth flow 
calorimeter (§95) was built; this was found much more convenient for 
physiological and biological purposes. In fact, it offers an important advan- 
tage, namely, that the object can be kept during the completion of one and 
even several experiments at an adequately chosen and constant temperature, 

§ 73. Heat of Setting of Cements. At the Physicochemical Labora- 
tory of the Polish Institute of Technology, Warsaw, the adiabatic method 
was employed for preliminary measurements of heat developed by the 
reaction of cement with water.^®® Experiments have shown, however, 
that the temperature increases in the adiabatic calorimeter were too large, 
so that the velocity of the reaction underwent changes. In addition, very 
sharp maxima of the heat development were observed which made the 
execution of the experiment rather difficult. After the maximum had 
been passed, the liberation of heat decreased, and it was easier to conduct 
the adiabatic measurement. The time-temperature curve resembled that 
shown in Figure 55 (§ 95). 

To avoid these inconveniences, successive measurements were made 
with interruptions during which the temperature of the jacket was 
dropped rapidly. Hence the temperature of the calorimeter containing 
the mixture of cement and water also decreased rapidly. After the initial 
temperature, of the first experiment had been reached, the jacket was 
heated once more, to make it equal to that of the calorimeter. Then the 
experiment started again. These interruptions were repeated time and 
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again to obtain a series of observations permitting one to draw a curve 
expressing the time-temperature or time-heat production relation for the 
main period of the hardening of cement. 

In the way just described, Rosinski^°® succeeded in establishing five 
typical curves for five samples manufactured by different cement plants in 
Poland. Figure 41 gives the curves expressing the relation between the 
amount of heat developed per unit of time {dQldt) and time elapsed after 
the cement was mixed with water. In all these experiments the same 
amount of water, namely 0.31 gram per gram of cement was used. 



A short time after the completion of Rosinski^s experiments it was 
found that the labyrinth flow calorimeter (§ 90, 96) was more suitable 
for measuring the heat of hardening of cements. For this reason no more 
experiments were made with the adiabatic microcalorimeter. It has been 
found, however, that the adiabatic method may be successfully applied for 
measuring the very small amount of heat liberated in the last stage of the 
reaction. For instance, after two or even three months from the start of 
the reaction thermal effects of the order of 10“** to 10“® calorie per gram in 
one hour could be discovered and measured easily by the adiabatic method. 



Chapter IX 

Static and Kinetic Methods of Microthermal 
Measurements 

§ 74. General Discussion. In spite of the satisfactory results obtained 
with the adiabatic microcalorimeter, it seemed important to find another 
method which could not only increase the accuracy of the measurements 
but also avoid the inconvenience of maintaining the adiabatic rate of heat- 
ing the jacket. 

First of all, it is more expensive and considerably more difficult to build 
an automatic device for maintaining the ^'adiabatic rate^^ of heating or cool- 
ing of the jacket than to build a thermostat. In addition, it seemed to the 
writer to be of importance to use quite different calorimetric methods for 
measuring extremely small amounts of heat per gram in an hour. This is of 
especially great value when large amounts of material are available. The 
processes under consideration proceed very slowly and, for the duration of a 
calorimetric experiment, practically constant amounts of heat are liberated 
by the object. Experiments in that direction were started in 1934,^®° and 
finally two microcalorimetric methods were developed which may be called 
the static and the kinetic methods of microcalorimetric measurement. 

§ 75. Cooling and Heating Curves of Thermally Inert Massive 
Blocks. Let jis suppose that massive block B (Figure 44) is suspended in 
container A located in a thermostat in which constant temperature U is 
maintained within =±=0.001° (§8). 

Let us also suppose that in A a vacuum is created, and that at the start 
the block is heated to temperature U which is higher than U, If a thermo- 
couple or a multi-jimction thermopile is used for measuring the difference 
between the temperatures of the block and the thermostat, one may draw 
a curve in which the differences (^ 2 -<o), {t^ -U)i etc. are plotted against 
time, T. In this way, a ^'cooling curve’' may be obtained which will show 
that there is a limit of time after which no measurable difference in temper- 
ature between the block and the thermostat can be found. At that moment 
and afterward the cooling curve will practically coincide with straight 
line hUi as shown in Figure 42. 

The same experiment may be repeated in such a way that at the start 
the block is cooled to temperature t\ which is lower than U, Now the 
jacket will radiate heat and difference {t\-t^ will steadily decrease, so that 
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the ‘‘heating curve’’ of the block may be observed. Finally, a moment 
will be reached when the difference in the temperatures will be smaller than 
can be measured by the thermocouple or thermopile. At that moment 
the heating curve merges with line in the same way as in the experi- 
ment in which the cooling curve is examined. Experiments have shown 
that, if initial differences of temperature (t-to) are not greater than 0.2®, 
no deviations from Newton’s cooling law can be observed. Therefore the 
equations: 

^ = = ( 1 ) 


or 


h-h 
^2 ^0 


( 2 ) 


express, in the limits of the experimental error, the thermal phenomenon 
under examination. Consequently, the cooling and the heating curves are 


Figure 42. 

Cooling and Heating Curves 
of a Thermally Inert Block, 



located on either side of line Wo and are symmetrical with respect to 
each other. 

This can be considered as proof that the massive block is thermally 
inert. In the discussion below, t 2 to and hh will be called the “cooling"’ 
and “heating” curves of the block. 

§ 76. Cooling and Heating Curves of a Thermally Active Block. 
Let us suppose that instead of containing a thermally inert block, the 
calorimeter contains a material, such as a radioactive mineral, which 
liberates a constant amount of heat. If the cooling and the heating curves 
are examined, different phenomena will be observed. 

In cooling the system the difference, Ai=(/ 2 -fo), will decrease, as 
before, but curve Wo (Figure 43) will never coincide with line Wo. Thermal 
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equilibrium will be established so that the amount of heat radiated by the 
block (calorimeter) will be equal tq that liberated by the substance form- 
ing the block. After this equilibrium is* reached, the cooling curve hta 
will merge with line tata parallel to the axis of time and found somewhere 
on a higher level than line ^o^o. The condition of that equilibrium may be 
expressed by the equation: 

^ = B«.-to) = BAt = o (3) 

ar 

in which is the difference between the temperature of the block and that 
of the thermostat after the thermal equilibrium has been established. 



Figure 43. Qooling and Heating Curves Observed for a Thermally Active Block. 

The heating curve hta is even more interesting than the cooling curve. 
It offers more v^uable information because it somewhere crosses line 
At the crossing point P (Figure 43) the temperature of the outside surface 
of the calorimeter is equal to temperature of the thermostat, so that no 
heat exchange between the calorimeter and the thermostat takes place at 
that moment. The process is strictly adiabatic at that point. 

For this reason the angle of the tangent drawn through point P plays 
an important role in measuring the heat developed by the object, because 
the rate at which the block is heated when kept under strictly adiabatic condi- 
tions can be directly determined from the equation: 

dt , 

-j- =* tan a = a 
ar 

In this equation a represents angle APU and a is the rate at which the 
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temperature of the calorimeter would rise if it were kept under adiabatic 
conditions. 

After point P is passed, curve tit a steadily approaches line tJa and 
practically merges with it after some time. From the experimental point 
of view this means that the difference, At, between the temperature of the 
block and the thermostat becomes constant, and within the limit of temper- 
ature readings is equal to that which is found for the cooling curve. 

From the discussion given above the conclusion may be drawn that 
when examining the heating and the cooling curves (< 2 ^a and tita, Figure 
43) one may determine the amount of heat liberated by the object in three 
different ways. First, it is possible to determine the difference (<o-“^o) 
between the block and the thermostat after the final state of thermal 
equilibrium has been established. This method will be called the static 
method of microthermal measurement. Secondly, it is possible to deter- 
mine value a which represents the rate of heating of the calorimeter imder 
adiabatic conditions of the experiment. Thirdly, the amount of heat can 
be determined from equation (3), or by examining the cooling (Wa) and 
the heating {titc) curves. Both the second and third methods may be 
called kinetic methods of microthermal measurement. 

§ 77. General Scheme of the Apparatus. In Figure 44 a general 
scheme is given of a universal apparatus which may be used either for 
employing the static and kinetic methods or for carrying out adiabatic 
measurements. The apparatus consists of a large thermostat (IF) with a 
chamber (N) where the galvanometer (G) and commutator (K) are located. 
The thermostat should be provided, as usual, with a thermoregulator, a 
relay, a stirrer and an electric heater as described in § 6, 7, 8. In the 
figure only the heater (H) is shown. For carrying out adiabatic measure- 
ments, the air stirrer (S) and metallic tubes (C) for cold water, wound in a 
spiral, are built in. Cold water, taken from the water line, may pass 
through tubes C as in an adiabatic jacket (§ 59, Figure 33). Near the 
center of the thermostat vessel A is located. It can be suspended or 
placed on a stand. These details are not shown in the scheme*. Tube E 
may be used, if the air should be pumped from container A, The calori- 
meter or the massive block, made of material hberating heat, is suspended 
by threads or wires attached to the steel plate on which block B is located. 

To the surface of block B one junction (7i) of the thermocouple is 
attached. The other junction (^ 2 ) is located in the middle of the sphere 
suspended in container D (Lazniewski^s device, see § 10 Figure 9). In Fa 
the average temperature of the thermostat is maintained. It does not 
depend upon the fluctuations of the temperature in the thermostat. 
In the middle of the block another thermojunction (Fc) is located. If 
necessary, it can be joined to another device (D) or to another thermojunc- 
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tion attached to the surface of the block in a similar way such as V i. In 
that way the difference between the temperature in the center and at the 
surface of the block can be measured. An essential part of the calori- 



Figure 44. General Scheme of the Apparatus for Using the Static or 
Kinetic Method of Microthermal Measurements. 


meter is tube U passing through the massive block. It is made of copper 
and its diameter should be as small as possible. It should be joined by 
means of tiny rubber tubes (not shown in the figure) to the outlet tubes. 
The latter are connected with a spiral in which air or other gas can be 
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cooled several degrees below the temperature of the thermostat. By 
passing a stream of cold gas through tube J7, block B may be cooled down 
to a temperature lower (0.1 to 0.2®) than the temperature of the thermostat. 
In that way the heating of the calorimeter by thermal radiation may be 
observed and the shape of the heating curve examined (§ 76). The device 
for protecting against radiation all the parts extending above the water 
level is also shown. Copper plate M and thick copper rods I immersed in 
water serve for this purpose (see §59, Figure 33). Because of the high 
thermal conductivity of copper the temperature of the plate (M) is practi- 
cally equal to that of the thermostat. In that way the conducting wires 
and any other parts of the calorimeter are well protected thermally. 

A thermometer (T) is used for controlling the changes in temperatme 
in W. This is essential if the apparatus is used for adiabatic measure- 
ments. If container W is used as a thermostat it is important also to 
measure its temperature from time to time in order to see whether the 
relay and the thermoregulator function properly (§§ 6, 8). 

§ 78. Static Method of Microthermal Measurement. In the previ- 
ous paragraph it has been pointed out that the heat developed by the object 
per unit of time may be calculated, if difference U (Figure 43) cor- 

responding to the state of thermal equilibrium between the temperature of 
the calorimeter, taj and that of the jacket, <o, is known. Under these condi- 
tions the following relation should exist: 

(4) 

(IT 

In equation (4), a is the rate of heating the calorimetric system by the 
object under adiabatic conditions and B is the cooling constant of the calori- 
meter. The application of the static method consists in measuring the 
difference At. Value B should be determined separately by measuring the 
time required to cool the calorimetric system from temperature ti to 
(ti~io)l2. Knowing B and At, one may calculate the amount of heat 
produced by the object in one hour using the equation: 

AQ^k'B{ta-to) (5) 

In this equation k is the energy equivalent of the calorimetric system. 

For adequately measuring the difference At=^ (ta-to), it is important 
to use a thermopile similar to or identical with that described by Whipp 
(§55). 

If an adequate method of comparative measurements is employed 
(Chapter II, §§ 18, 24, 26, and 27), there is no need to determine value J5. 
It is necessary only to examine two or several states of thermal equilibrium 
in one of the ways described below. The corrections can be easily elimi- 
nated in that way. 
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The method of comparative measurements may be employed in two 
different ways: (1) by using an electric heater built directly into the calori- 
metric system, or (2) by using a standard radium preparation. Inde- 
pendently, whether the electric heater or the radium preparation is used, 
two states of thermal equilibrium may be examined, one when the calori- 
meter is heated exclusively by the object, another when both the object and 
another source liberate heat. In the latter case equation (4) may be 
written as follows: 

B(At-\-At')^B{h-ia)-‘a + h, ( 6 ) 


or taking into consideration equations (4) and (6), 
may be derived: 

At ^0 O' 

At + At' tb-to a + 6 


and 


Aj — tij d 


equations (7) and (8) 

(7) 

(8) 


In these equations Af' is the difference of temperatures (tb - ta) which 
can be calculated when knowing what were the equilibrium temperatures, 
when the heat was developed one time by the object {At) and another time 
by the object and the electric heater or radium preparation {At + At'), 
Symbol a, as before, represents the rate of heating of the calorimeter by 
the object under adiabatic conditions; (a + 6) is the rate of heating by the 
object and by another source of heat under the same conditions. Usually 
both a and {a + b) are expressed in degrees per hour. 

To calculate the heat produced, a and (a + b) respectively should ho 
multiplied by Kj the energy equivalent of the calorimetric system. Thus, 
if an electric heater is employed, one may use the equation: 


ta-to Ka AQ 
tb-ta~ KH “J^i^r-3600 


( 10 ) 


In this equation, \Q is the amount of heat produced by the object in one 
hour, and J-i^-r-SGOO is the heat developed by the electric heater in one 
hour. Finally : 

= -3600 ( 11 ) 

' tb'~‘ ta 


The experiment consists in measuring AE = J-i^-r-ZQOO and two dif- 
ferences: 


and 


At = «.-«» (12) 

At' (13) 


Difference (h-ta) represents the increase of the equilibrium temperature 
of the calorimeter caused by the electric current only. 

If a standard radium preparation is used, the expression J -i?-r-3Q00 in 
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equation (11) should be replaced by AQ,, which represents the heat evolved 
by the radium preparation in one hour. 



In Figure 45 two cooling and two heating curves are represented. 
Curves iiia and t^ta represent the cooling and the heating curves, respec- 
tively, when the calorimeter was heated only by the object, curves hth 
and when both the object and the electric current participated in heat- 



142 


MICROCALORIMETR Y 


§79 


ing the calorimeter. Horizontal lines Wo, taia and hth have been drawn 
through points U, ta and representing: ^o, the average temperature of the 
thermostat, the equilibrium temperature of the calorimeter when it was 
heated by the object, and fc, the equilibrium temperature of the calori- 
meter when it was heated by the object and by the electric current. 

The method, as described, offers some advantages in using the static 
method. It makes it possible to eliminate not only the corrections but 
also the determination of the numerical value of constant B (see § 78, 
equation 6). 

§ 79. Kinetic Method Based on Measuring the Rate of Heating 
Under Adiabatic Conditions. In § 76 it was pointed out that two dif- 
ferent kinetic methods may be used for determining the heat developed at 
a constant rate by an object. One of them is based on the determination 
of the rate of heating of the calorimeter at the moment when the heating 
curve crosses the horizontal line Wo drawn through the point representing 
the average temperature of the thermostat. Based on considerations 
previously described, the following equation may be written: 

■^=»tano£ = a (14) 

dr 

In this equation a is the angle formed by the tangent to the heating 
curve drawn through the crossing point (P, Figure 43) of the curve with 
line ^ 0 ^ 0 * Usually, the galvanometer readings are carried out from one to 
two hours before the crossing, at the moment of the crossing, and one to 
two hours after the crossing. In that way the determination of value a 
in equation (14) becomes more accurate. Value a is usually expressed in 
degrees per hour. It represents the rate of heating of the calorimeter under 
adiabatic conditions. 

To start the experiment, it is necessary to cool the calorimeter to a 
temperature about 0.2® lower than to- This can be done by passing cold 
air or another gas through tube U (Figure 44). 

Usually the calorimeter is a massive block of the material examined or 
is used as a screen for absorption of alpha and beta particles and gamma 
rays. For this reason, its energy equivalent K is usually large. In a 
number of experiihents wliich are described below it was equal to or even 
greater than 300 calories per degree. The temperature changes were small 
and the crossing point could be easily observed. 

If comparative measurements can be carried out as previously described 
(§ 78), it is not necessary to remove the air from container A (Figure 46) 
because the correction for heat losses due to the heating of air can be 
eliminated. In that case the device shown in Figure 46 may be used. It 
does not differ in principle from that previously described (§ 77, Figure 44). 
It contains only^one additional part, namely, cooler K, The latter con- 
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sists of two metallic walls and a metallic spiral tube located between 
them. One end of that tube is connected to the water line, the other to a 
convenient drain. At the bottom of the thermostat ^'nest^' K' is located. 
After cooling the calorimeter, the cooler should be transferred down to that 
place. The use of the movable cooler is essential because, during the execu- 
tion of the measurements, the calorimeter cannot be moved. This precaution 
is necessary to avoid undesirable secondary phenomena in the galvanometer 
circuit. 

The heat developed by the object may be calculated from the equation 

AQ~Ka = K^ 


in which AQ is the heat liberated by the object in one hour, K the energy 
equivalent of the calorimeter, and a = M/At, as was previously defined, is 


Figure 46. 

Calorimeter with Movable 
Cooler. 



the hourly increase of the temperature of the calorimeter if it is kept under 
adiabatic conditions. 

The method of comparative measurements may be used in a similar 
way as described in § 78. Either an electric heater or a standard radium 
preparation may be utilized. 

Let us consider the case in which the heat produced by a radioactive 
mineral is examined. Suppose that a standard radium preparation is 
developing Aq calorics per hour under the condition of the experiment 
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(thickness and density of the screen). The two following equations may be 
written: 

( 15 ) 

At 

At' 

AQ' = AQ + Ag = jPC(a + a') = (16) 


It is easy to see that equation: 

may be derived for calculating AQ. In this equation M is the rate of adia- 
batic heating of the calorimeter by the object alone, and A^' by the object 
and the standard radium preparation. 

The method may be used with success if the temperature fluctuations 
in the thermostat are small ( 0.001°) and regular. The precision increases 
with the increase of the size of the massive block used as the calorimeter. 
Experiments carried out with the purpose of determining the highest 
precision which might be reached by this method were under way in 
Warsaw (M. Lazniewski) when Poland was invaded by the Germans. No 
definite answer can therefore be given by the writer concerning the highest 
precision of the method described. In experiments, carried out under 
conditions which could not be considered as the best, thermal effects of the 
order of 10*^ to 10“® calorie per gram in one hour could be measured with 
an accuracy of from one to two per cent. 

§ 80. Kinetic Method Based on Examination of Cooling and Heating 
Curves. M. Lazniewski has made an extensive study of applications of 
both the static and kinetic methods of measuring microthermal phenomena. 
The results of his investigations were prepared for publication shortly 
before the outbreak of World War 11. Since the chemistry building of the 
Institute of Technology at Warsaw was completely destroyed there is little 
hope that his rnanuscripts have survived. Because of that the descrip- 
tion given below does not cover Lazniewski^s experiments in full. The 
presentation may even differ in some details, and in the graphical method 
of calculation, from what Lazniewski intended to publish. Even the term 
'^static and kinetic^^ methods are used here by the writer for the first time. 
In principle, however, the description of the experimental facts cannot differ 
from that which Lazniewski found. Below a graphical method is described 
which makes possible the determination of A^ = G (see Figure 43) and 
B (§ 75 equation 1) by examining the shape of the cooling and heating 
curves. 

In Figure 47 all the operations associated with the graphical determina- 
tion of the equilibrium temperature are presented. To get the experi- 
mental data needed, it is necessary to carry out two experiments: one for 
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establishing a portion of ^'cooling’’ curve t\tu the other for getting 'a por- 
tion of ^ 'heating^' curve hU. Both these curves may be obtained by 
plotting the actual temperature differences between the calorimeter and 
the thermostat against time, t. It is obvious that, if both these curves are 
adequately located on one drawing they should be symmetrical with 
respect to each other. Both of them should merge with line tata, the posi- 
tion of which should be found. Temperature ta represents the temperature 



Figure 47. Graphical Method of Determination of Temperature of the Block Cor- 
responding to its Thermal Equilibrium with the Thermostat. 

at which thermal equilibrium is established between the thermostat kept at 
temperature U and the calorimeter kept at constant temperature ta by 
heat liberated by the object. Neither temperature ta nor the proper loca- 
tion of the two curves as shown in the drawing on the right side of Figme 47 
are known. That position should be found by the following operations. 
First, the drawing representing the heating curve (< 2 ^ 2 ), which is shown on 
the left side in the lower part of the figure, should be reversed as shown in 
the upper part of the figure. Afterward it should be located on curve ti,ti 
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and the position should be found at which the two curves coincide. After- 
ward, two arbitrarily chosen vertical lines, for instance W'ti and should 

be drawn. The points of intersection of these two lines with line Wo 
represents those points which should coincide with points ri and found 
on line Now the graph with curve should be reversed once more 
and should be located as shown in the diagram found on the right side of 
the figure. Points ri and t 2 of the sections of the two curves should coin- 
cide with each other. The position of line tata or value ta can be easily 
foimd, because it is lying in the middle of any vertical line crossing the two 
curves. 

The position of line tata may be found also in another way. Using the 
left upper part of the figure one may notice that tata is lying in the middle 
and between lines t^U and U'U', 

It should be recalled that both the cooling and the heating curves are 
asymptotic to the axis tata- Theoretically they merge with tata at infinity; 
practically, however, they coincide with it and with each other after the 
point is reached at which the differences in temperature between ta and 
the calorimeter are smaller than can be discovered by direct galvanometer 
readings. 

The point of the ^‘practicaF’ coincidence may be calculated in advance 
in the following way. First, from the graph found on the. right side of 
Figure 47, one should find half cooling time tq.s; i-e,, the time required to 
decrease by half the original difference in temperature between the calori- 
meter and the thermostat. For instance, if the difference at the starting 
point v^as t\'~~ta} interval of time tq.s should be found which is required to 
reach temperature V, so that : 

tj^ta 

* ^ “ 2 

Let us suppose that at the start h-ta was 0.1°, and ro.s =3 hours was 
found. The following differences will be found after 3, 6, 9 etc. hours from 
the start of the experiment : 


Number of 

Difference of temperature 
between the calorimeter 
and the jacket 

Time in hours from 
the beginning of 
the experiment 

half periods 

TO 

(hours) 

0 

0.1 

0 

1 

0.05 

3 

2 

0.025 

6 

3 

0.0125 

9 

4 . 

0.00625 

12 

5 

0.003125 

15 

6 

0.00156 

18 

7 

0.00078 

21 

8 

0.00039 

24 

9 

0.00018 

27 

10 

0.00009 

30 

11 

0.00005 

33 
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If the temperature readings by means of the galvanometer were made 
with an accuracy of 0.001°, the point of coincidence of the heating and the 
cooling curve with line tJa would be found after seven half periods, or 
after twenty-one hours. If a thermopile is used allowing one to measure 
the differences in temperatures within 0.00005°, it will take thirty-three 
hours to find the point at which the temperature of the calorimeter and 
the thermostat will be practically equal to each other, and so forth. 

Another method consists in plotting logarithms of differences 
and (ta-t 2 ) against time r. If ta has been calculated with sufficient 
accuracy, a linear proportionality will be found for that relation. 

§81. Determination of Heat Developed by Pitchblende. In 1933 
the Ministry of Labor of Czechoslovakia provided the Physicochemical 
Laboratory of the Institute of Technology, Warsaw, with five kilograms of 
pitchblende from Jachimovo (Joachimstahl). The total amount of that 
mineral was located in a vessel made of a thin sheet of copper. 

In the middle of the vessel one iron-constantan junction, Ve, was 
fastened as shown in Figure 44, and the junction of another thermocouple 
was attached to the surface of the cylinder in the middle of its height, Fi. 
In that way the difference tetween the temperature in the middle and at 
the surface could be measured (sec § 86). The copper calorimetric vessel 
was sealed and kept for several months in the constant-temperature room 
before the experiments started. 

The experiments were carried out by J. Salcewicz in 1934. At that 
time the thermostat described in § 7 had not been put into action, so that 
the temperature was manually kept constant within ±0.001°. 

The hourly increase of the temperature ^ = under adiabatic condi- 


tions was determined by using four methods: the adiabatic (§59), the 
static, and the two kinetic methods previously described in §§ 78, 79 and 
80. The following results were obtained: 

At 

^*Ar 

Method °C per hour 


Adiabatic (§ 69) 

Static (§ 78) 

Kinetic (§ 78) 

Kinetic based on analysis of heating and cool- 
ing curves (§ 79) 


0.00207* 10% 
0 . 00210 * 2 . 6 % 
0.00207 * 3.0% 

0.00207 * 4.0% 


The purpose of this investigation was to compare the accuracy of the 
different methods for studying microthermal processes. At the time when 
the measurements were made, the method of comparative measurement as 
described in §§ 18, 20, 23, 24, 25, 26 was not fully utilized. The analysis 
of the pitchblende was not made either, because the container was sealed 
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and was used up to the outbreak of the war as a standard for testing dif- 
ferent methods of microthermal investigations. 

Experiments carried out by Lazniewski shortly before the outbreak of 
the war have shown that the accuracy of measurements by using either the 
static or the kinetic method may be increased so that the error may not 
exceed one or two per cent. The vacuum in the space between vessel A 
and calorimeter B (Figure 44), and device D (Figure 9) for measuring the 
temperature of the thermostat should be used for that purpose. 

§ 82. Heat Produced by Changes in the Internal Structure of Lead. 
L. Keffler, and the writer^®^ undertook experiments to see whether or not 
some heat might be developed by a massive block of lead, suspended so 
that its own weight could produce changes in its internal structure. The 
importance of such experiments consists in the fact that in numerous experi- 
ments in radiology massive screens made of lead had been often used for 
measuring the heat of absorption of particles and gamma rays emitted by 
radioactive elements. Very often they were suspended in such a way that 
some deformations or even recrystallization could take place due to the 
internal tension created by the weight of the lead. It was therefore neces- 
sary to prove by direct experiments the thermal inertness of such massive 
blocks. ^ 

A massive block made of lead and weighing about eighteen kilograms 
was used as an object. It was provided with two holes for thermocouples, 
one near the outside surface, and the other near the center. In the center 
a third hole was bored reaching the middle of the cylinder. Using that 
hole, one could locate in it a standard radium preparation so as to compare 
the thermal effects observed with and without the radium preparation. 

The cylinder could be suspended in two different ways: (1) it could be 
placed on a plate of steel suspended by means of three steel wires, or (2) the 
wires could be attached by means of three screws to the upper surface of 
the cylinder. In the first case no measurable or very small amount of 
heat could be expected; in the second, under the influence of its own weight, 
the lead could be subjected to some larger deformations, especially in the 
neighborhood of the screws, and they could be associated with the develop- 
ment of heat. Direct observations proved that such deformations took 
place. For instance, several days after the cylinder had been suspended, 
the capillary tube with the thermojunction could not be removed, in spite 
of the fact that before the experiment the hole was large enough and quite 
straight so that the tube could easily be removed and replaced. 

Microcalorimetric measurements were repeated time and again for 
several months. Every time, when the cylinder rested on the steel plate 
it was thermally inert. Its behavior changed radically each time, when it 
was suspended by means of wires attached to its upper surface. The heat 
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developed was not constant and it decreased slowly with time. No state 
was reached at which the block ceased to develop heat. The experiments 
were interrupted because the apparatus was used for other experiments and 
L. Keffler was forced to leave Poland and to return to Liverpool. 

In the table below the results of the measurements are given. The 
headings are : D the number of days during which the block was suspended, 
as previously described; N the duration of measurements expressed in 
hours and minutes; At the difference between the temperatures of the block 
and of the thermostat at the beginning of the measurement, ta the temper- 
ature difference after thermal equilibrium had been reached, a = dt/dr the 
hourly temperature increase which would be observed if the block was kept 
imder adiabatic conditions. In the last column the heat developed by 
one gram of lead in one hour is given. 

Development of Heat Due to Internal Transformation of Lead 


No. 

D 

N 

A< 

("C) 

ta 

(°C) 

a 

cal/gh 

1 

4 

15:30 

-0.088 

0.0042 

1.3xl0-» 

4.0x10-* 

2 

5 

13:00 

+ 0.091 

0.0044 

1.29xlO-» 

3.5x10-* 

3 

12 

17:00 

-0.091 

0.0049 

1.41xl0-» 

4.3x10-* 

4 

18 

14:30 

+ 0.125 

0.0023 

0.78xl0-» 

2.0x10-* 

5 

19 

7:30 

- 0.090 

0.0024 

0.71x10-® 

2.2x10-* 

6 

24 

14:80 

- 0.094 

0.0021 

0.61x10-® 

2.0x10-* 


The following conclusions were drawn from the experiments : Because 
of some mechanical deformations taking place in the heavy cylinder under 
the influence of its own weight, heat of the order of 10“^ calorie per gram 
in one hour was produced. Small changes were observed in the heat 
liberation each time after the cylinder had stood for several days on a shelf 
or on the steel plate. Decreases in the amount of heat liberated were 
observed with time when the cylinder was suspended on wires attached to 
its upper surface, and allowed to remain in that position for a number of 
days. 

The results obtained in the investigation were important for micro- 
calorimetric researches in radiology. It appeared obvious that any micro- 
calorimeters made of lead should be supported by a plate made of steel, to 
avoid errors which might result from internal deformation of the lead. If 
this condition is not fulfilled, the danger will exist of getting a result 
higher than the actual one. In addition, the experiments made with lead 
have shown that the possibility exists of using the static or the kinetic 
method for measuring the heat of aging metallic alloys after they are 
quenched. Finally, these experiments have explained that secondary 
thermal phenomena observed previously in some mirocalorimetric mea- 
surements, in which a massive screen of lead had been used, are associated 
with the change of mechanical structure, and not with the radioactive con- 
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tamination of lead. The presence of radioactive elements in lead cannot be 
denied, especially, in some particular samples of lead. However, the 
amount of heat liberated by those contaminations is many times smaller 
than the heat observed in the investigation just described. 

Similar experiments were made with a block made of aluminum. Its 
weight was considerably smaller because of its low density. No measur- 
able heat was developed when it was suspended on wires attached to its 
upper horizontal surface. 

§ 83. Thermal Stability of Nitrocellulose Artillery Powders. From 
a general point of view, it seemed to be of importance to examine the 
thermal stability of nitrocellulose artillery powder. The experiments were 
made by T. Urbanski, a specialist on explosives in Poland, and by Calus and 
the writer.^^® Several samples of powder were examined. One was an 
old Austrian artillery powder, left by the Austrian Army in Poland after 
World War I. Its thermal inertness was examined, first after it was taken 
from the powder arsenal, then after it had been kept for several hours at 
75® and then cooled. In addition, a Polish artillery powder was examined. 
The latter was obtained directly from the plant. The behavior of the 
powders was quite different. Experiments showed that the old artillery 
powder was initially thermally inert (§63). This property, however, 
underwent a radical change after it was kept at 76° for several hours. 
After this treatment it developed heat, and this was obviously associated 
with its decomposition. The rate of that decomposition increased so 
rapidly with time that, after several consecutive calorimetric measure- 
ments, it 'was necessary to interrupt the experiment and to destroy the 
powder because of the danger of an explosion. The behavior of the powder 
which was prepared several days before the start of the experiment was 
quite different. At the beginning some amount of the solvent underwent 
slow evaporation. Because of this, negative thermal effects were observed. 
Several hours later, after the space inside the calorimeter was saturated 
with the vapor of the solvent, no more thermal effects could be detected. 
This phenomenon was observed several times. Each time the air saturated 
with vapors was driven off and replaced by dry air, so that its saturation 
could proceed as before. In that way the negative thermal effects could be 
explained. 

As a result of the microcalorimetric measurements with artillery 
powders the authors have come to the conclusion that the method takes too 
much time and requires equipment which is too expensive to be recom- 
mended for everyday laboratory work. Nevertheless, a general conclusion 
drawn from these investigations was interesting from another point of view. 
These measurements have proved that even such unstable organic sub- 
stances as nitrocellulose powders are thermally inert if they are kept at a 
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low temperature. This conclusion is correct within the experimental error 
which was of the order of 10“® calorie per gram in one hour. 

The results have been confirmed in experiments in which a standard 
radium preparation was located in the center of the block. The 
same preparation was used as in the experiments with the ice calorimeter 
(§42). 

§ 84. Heat of Aging of Aluminum Alloys. In 1936 an attempt was 
made by J. Czochralski^ and the writer^®® to employ the kinetic method of 
microthermal measurement for examining the behavior of some quenched 
alumimun alloys. The object could be used in any desired quantity and 
the massive blocks of these alloys could serve as calorimeters without any 
protection. From this point of view the alloys could be regarded as ideal 
objects for the application of the kinetic or adiabatic method. As to the 
type of the thermal processes, it was reasonable to expect that they would 
resemble the process schematically shown in diagrams E and E', Figures 2 
and 4. Experiments have fully confirmed this assumption. In addition, 
it was found that the aging started shortly after the block of aluminum 
alloy was kept for some time at 510® and then rapidly cooled to room 
temperature. The rate of heat evolution accompanying the aging increased 
with time, passed through a maximum and then slowly decreased, so that 
after approximately 250 hours the heat produced by the alloy was too small 
to be measured. 

From this point of view the alloys, as objects of microcalorimetric mea- 
surements, differed radically from radioactive minerals or radium prepara- 
tions. The following details concerning the measurements of the heat 
developed by the aging of quenched aluminum alloys were kindly given to 
the writer by R. Smoluchowski, now residing in the United States. The 
investigation was made by him and by H. Calus in Warsaw.^^ ‘‘The 
measurements of the rate of heat evolution had to be carried out as fre- 
quently as possible, preferably in a continuous manner. Such data are 
necessary for calculating the total heat developed. To do this, various 
methods were applied. First, using the kinetic method (§ 79) the rates of 
heat evolution at four different times after the quenching, as shown in 
Figure 48, were determined. These few points were insufficient to inter- 
polate between them so that additional values were calculated from the 
equation: 

^~clm-K{T,-T)] ( 18 ) 

in which c is the specific heat of the alloy, m the slope of the temperature- 
time curve, K the cooling constant and To and T the temperatures of the 
calorimeter and the alloy. In that manner a sufficient number of points 
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were obtained to draw the ^ versus r curve and to determine the total heat 

dr 


from the area under that curve: 



‘*The use of this equation has the advantage that a number of values can 
be obtained shortly after the quenching (roughly one hour) ; thus waiting 



for the moment when the heating curve crosses the line can be avoided. 
The most interesting part of the curve is observed in the early stage of the 
reaction. A duralumin alloy (Cu 4.2, Fe 0.66, Mn 0.33, Mg 0.63 and Si 
0.54) quenched from 510® evolved' about 1.7 cal per gram; the maximum 
rate of heat eyolution took place a few hours after quenching. 

‘The same results were obtained when employing the adiabatic method. 
The maximum was observed earlier since the temperature of the sample 
increased gradually in the adiabatic process so that the aging was some- 
what accelerated.^' 
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Recently a paper was published by Czochralski^ in which he claimed 
that a new method was developed which allowed one to start the measure- 
ment sooner after quenching. The total heat developed by the aging 
process was found to be 1.67 calories per gram of duralumin. The error 
was 0.05 cal. 

§ 86. Applicability of the Static and Kinetic Methods. If one takes 
into consideration the special devices used by Lange, Gucker and his 
associates, Ward, Hill and Lazniewski, he may conclude that a number of 
improvements can be introduced in using the static and kinetic methods 
described in § 78, 79, and 80. This refers especially to experiments with 
objects available in arbitrarily large quantities. In these cases large calori- 
meters or large massive blocks of material under examination can be used 
so as to increase considerably the accuracy of measurements. Thermopiles 
with a large number of junctions and multi-jacket thermostats, described 
by Tian and used by Ward, could be employed, and Lazniewski’s device 
could be used for measuring the exact average temperature of the central 
container of Tian’s multi-jacket thermostat. If all these improvements 
were introduced, it would be possible to increase the precision of measur- 
ing not only the heat developed by radioactive minerals but also the heat of 
cosmic radiation. Further experiments may prove whether the static or 
one of the two kinetic methods will offer better possibilities. From this 
point of view, the experiments previously described should be considered 
rather as preliminary steps which will lead to further improvements. The 
possibility of that development encourages the writer to discuss some 
peculiarities of the kinetic method, which did not play any part in the 
measurements described in previous paragraphs. 

§ 86. Asymmetry in the Cooling and Heating Curves. In the 
description of the calorimeter and in Figures 33 and 44 the location of two 
thermoj unctions was shown. One was located near the surface of the 
calorimeter, the other in its center. In that way, the difference in the 
temperatures inside and at the surface of the block could be measured at 
any desired moment. In the static method this difference in temperature 
has no effect. In the kinetic method it can produce an asymineiry in the 
shape of the cooling and heating curves. This depends: (1) upon the energy 
equivalent of the calorimeter, and (2) upon the heat produced by the object 
and its location in the calorimeter. For instance, if two calorimeters of the 
same energy equivalent K are used, and if one of them contains a radioactive 
mineral producing Aq calories per hour and the other a standard radium 
preparation developing the same quantity of heat, the distribution of 
temperature inside the calorimeter would not be the same, because in one 
case the object radiates heat from the center, in the other everywhere 
throughout the whole volume of the calorimeter. 
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For this reason a larger difference between the temperatures in the 
center and at the surface of the calorimeter would be found in the case of a 
radium preparation, and a smaller one if the calorimeter were filled with a 
radioactive mineral. 

Let us consider the case when the block is made of material charac- 
terized by high thermal conductivity. Suppose that it is thermally inert 
(§ 75). If the cooling and heating curves were examined, perfect symmetry 
of these curves would be found. After reaching the state of thermal 
equilibrium the same temperature, which corresponds to the average 
temperature of the thermostat, would be found everywhere inside the block 
and at its surface. This will not be the case if the calorimeter were built of 

In Figure 49 the distribution of temperatures 


Figure 49. 

The Temperature Distribution Inside 
a Thermally Active Block. 


a thermally active material. 



inside the block is shown, after thermal equilibrium has been reached. The 
temperature of the layer near the surface of the block will be higher than 
that of the thermostat (§ 78). Difference = as well as the equa- 
tion: 

represent the conditions of thermal equilibrium between the outside surface 
of the calorimeter and the thermostat. Temperature ta depends upon the 
heat steadily developed by the object. The steady liberation of heat and 
some lag in heat transfer through the material causes the center of the calori- 
meter to be heated to a temperature dt higher than temperature ta at the 
surface. Difference 8t depends upon several factors, namely: (1) the 
amount of heat produced by the object; (2) the thermal conductivity of 
the block, and (3) the size of the block. The following consideration may 
explain why the cooling and the heating curves cannot be symmetrical. 

Let us suppose that before starting the experiments for establishing the 
shape of the cooling and the heating curves the calorimeter is maintained 
for several hours at ^i, which is higher than to, and another time at < 2 , which 
is lower than to- 

Let us examine the change in temperatures at the surface and inside 
of the calorimeter. At the start the temperature in the center of the block 
will be higher t^an that at the surface. Afterward the temperature in those 
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two places will iindergo changes in a way represented schematically in 
Figure 50. These changes are different in experiments with cooling and 
heating the block, in spite of the fact that in both cases, after thermal equi- 
librium is reached, the final distribution of temperature will be the same. 
In both experiments the surface of the block will be heated to the temper- 
ature (ta - to) = Ai® degrees higher than to, and the temperature in the center 
will be St^ higher than at the surface. The temperature in the center will 
undergo different changes during the cooling and the heating of the block. 
When examining the cooling curve, one may observe that the temperature 
inside the calorimeter remains still higher than at its surface. This will 
not be the case when the calorimeter is heated by radiation from the ther- 



Figure 50. Changes in Temperature at the Surface and in the Center of a Thermally 
Active Block During the Heat Exchange with the Thermostat. 

mostat (vessel P, Figure 44). Soon after the start of the experiment the 
heat radiated by the thermostat will be many times larger than that 
produced by the object. Because of this the layers near the outside sur- 
face will be heated to a higher temperature than those near the center. 
At that time a minimum temperature will be found in the center of the 
block. With the decrease of difference {U — to) the temperature changes 
will become smaller, and a point will be reached at which bt will be zero. 
Afterward, it will be positive and will start to increase slowly. Finally, 
the curve representing the time-temperature relation for the center of the 
block will merge with a line parallel to tata and drawn through point bt, 
so that the same state will be reached as in the experiment previously 
described. 

Lack of symmetry in the shape of the cooling and heating curves may 
be great enough to produce a difference in value B and tq.s respectively. 
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This should be taken into consideration when the kinetic methods of mea- 
surement are used. If so, either the correction should be calculated or 
such a method of comparative measurements should be employed that this 
correction is eliminated. For that purpose, in experiments previously 
described, a standard radium preparation was used. 

§87. Elimination of Corrections. It may be expected that further 
improvements will increase the accuracy of measurements in which either 
the static or the kinetic method will be used. For this reason care should 
be taken to eliminate all the corrections involved. Below the question is 
discussed for two objects: (1) a radioactive mineral which steadily develops 
a small amount of heat, (2) an aluminum alloy which, after being quenched, 
liberates heat for about 250 hours, its amount changing with time. In both 
cases an electric heater may be used to measure the heat developed one 
time by the object only, the other by the object and by the electric current. 
The location of the spiral of the resistance wire should be so chosen that 
the material will be heated as uniformly as possible. In order to obtain 
better uniformity of heating, it is preferable not to use a radium preparation, 
because this occupies a small volume in the center, and about 85 to 90 per 
cent of the heat evolved is absorbed in the vicinity of the center of the 
calorimeter. 

If the object, such as a radioactive mineral, develops a constant amount 
of heat, no difficulties are encountered in using an electric heater, as previ- 
ously described (§ 78, Figure 44). If the kinetic method is based on 
examining the cooling and heating curves, the experiments should be 
repeated with different electric currents in order to find whether asymmetry 
in the shape of the two curves appears (§ 86). In that way a series of cool- 
ing and heating curves may be obtained and compared with those in which 
no electric current was used. 

If the heat developed by the object changes with time, the use of the 
method of conaparative measurements encounters difficulties. Its appli- 
cation largely depends upon the nature of the process. For instance, if 
it is the aging of an aluminum alloy (§ 84), two possibilities exist. One 
consists in using the electric heater at the moment when no more measurable 
amounts of heab are developed. At that moment the object should be 
considered thermally inert. The other method involves carrying out 
several experiments successively one after another, so as to have the heat- 
ing one time by the object alone, another by the object and by an electric 
current. The experiments should proceed one after another as rapidly as 
possible. In that way it is possible to have one measurement of the heat 
liberated by the object between two experiments in which a known and 
constant electric current developed an additional amount of heat. In this 
series tan a should be determined each time. 
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Figure 51 shows in detail how this method can be employed in a case 
where the object develops heat in a way similar to that associated with the 
aging of aluminum alloys (§ 84) . In diagram A a curve is represented in 

which ^ 
dr 


^ which is proportional to is plotteo against time, expressed 



Figure 51. 

Graphical Presentation of 
an Electric Calibration of the 
Calorimeter Containing 
Material Developing Change- 
able Amounts of Heat. 




in hours. In diagram B one portion of cuiwe A is selected so that for a 
period of five hours small changes in heat development are noticed. Dia- 

dT 

gram C represents three graphical determinations of values namely 
tan as = 06; tan and tan which should be determined five, 



158 


MICROCALORIMETRY 


§87 


seven and nine hours, respectively, from the start of the experiments. In 
diagram D two graphical determinations of tan ft = &6 and tan ft = hs are 
shown. This time the measurements were made after six and eight hours 
elapsed from the start of the experiment. In these measurements the 
electric heater was put into action. 

If K represents the energy equivalent of the calorimeter the following 
equations may be written: 

A^6 = tan as (1) 

Ag? = K • a? = tan a^ (2) 

A^g = tan a® (3) 

and Ag«=*K*66«iiCtan/3* = j5; + iC-a'e (4) 

A^8 ^ K ‘hi — K tan E -h K ‘ (i\ (5) 

In these equations’ Ags, A(/ 7 , Agg, Age and Agg are the amounts of heat 
liberated per hour either by the object or the object and the electric heater; 
E is equal to t^-r-SGOO joules; a'e and a'g are the temperature increases 
which would be produced at r = 6 and r = 8 hours if the calorimetric system 
were heatea by the object alone. From equations (1), (2) and (3) values ae 
and as can be calculated by interpolation. The latter can be compared with 
a'e and a's calculated from equations (4) and (5). If no secondary phe- 
nomena took place, ae should be equal to a'e, and ag to a'g. 

If ae is not equal to a'e, and ag to a'g, the ratios, which represent the 
correction factors: 

— - » Xi and — = Xi 

Og 

should be equal to each other. If they are found unequal, it would indicate 
that there might be an accidental or systematic error in one or in both series 
of measurements. If Xs and xg differ in the limit of experimental error, it 
would mean^hat ai, as and as should be multiplied by x = (x6+xg)/2, to 
eliminate all the corrections involved. 

If K is expressed in calories, should be multiplied by the 

mechanical equivalent of heat. 

The writer is unable to say whether this or another method was ever 
used by Lazniewski. It would be desirable to examine its applicability in 
detail. 



chapter X 

Labyrinth Flow Calorimeter 

§ 88. Junkers’ Flow Calorimeter. Since Junkers®^ built the well- 
known flow calorimeter for measuring the heat of combustion of gases very 
little progress has been made in improving this apparatus or employing it 
for other uses. Junkers’ excellent idea of protecting the calorimeter 
against heat losses by a system of coaxial walls forming several passage- 
ways for water has never been utilized completely for increasing the 
accuracy of the measurements and extending the applications of this 
method. The improvements of Junkers’ calorimeter were associated rather 
with providing it with a self-recording device. In that way it could func- 
tion automatically day and night. Other types of flow calorimeters,^® in 
which two reacting solutions were mixed in a continuous flow, did not find 
any broad applications. In addition they offered no advantages when 
compared with other calorimetric methods. 

The purpose of this chapter is to describe the efforts made by the writer 
and his associates to improve flow calorimeters and to broaden their applica- 
tion. These improvements were directed toward better protection of the 
apparatus against heat gains and losses, and toward the elimination of 
errors by applying the method of comparative measurements. 

§ 89. Labyrinth Flow Microcalorimeter. The experiments associ- 
ated with the id('a of using a labyrinth flow calorimeter sufficiently pro- 
tected against heat gains or losses were started in 1935. At that time J. 
Malawski and the writer^®® gave the description of a small glass labyrinth 
flow calorimeter. In Figure 52 the fii*st model of that type of microcalori- 
meter is shown. 

The following considerations may explain the principle of its function- 
ing. Let us suppose that the object which develops heat in a process of 
long duration is located in tube A found in the center of the apparatus. 
This tube is surrounded with water which flows uniformly through that 
space as well as through the other coaxial passageways (1, 2, 3 and 4) 
of the apparatus. Water enters the central passageways from the bottom 
at c and leaves at the top at O 2 . The water is taken from a thermostat, 
where it is kept at constant temperatm'e within 0.001° (§ 8). 

The whole apparatus is located in a container immersed in the same 
thermostat. 
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According to the principle on which the labyrinth flow calorimeter is 
based, each coaxial passageway protects against heat losses the next one 
located nearer to the center of the apparatus. However, as some heat 
exchange exists between the liquid found in two neighboring passageways, 
there is some penetration of heat from the center to the outside passage- 
way. The problem was to find the number of passageways which could 
make the heat losses due to this penetration of heat immeasurably small. 

To find this, let us suppose that a given amount of heat is transferred, 
by contact through the glass walls, from the water flowing through the 
central part of the calorimeter to that moving along the next passageway 



Figure 52. 

First Model of the Laby- 
rinth Flow Microcalorimeter. 


(4). This heat will not be lost, but will be transferred with the water when 
the water reach& the central portion of the apparatus. The heat transfer 
from the water moving in passageway 4 to that flowing through passage- 
way 3 will not be lost either, because some time later this water will reach 
passageway 4 and then the central part of the calorimeter. The same con- 
siderations can be repeated in the case of passageways 2 and 1. 

In addition it should be taken into consideration that the heat transfer 
from the central part of the calorimeter to the next passageway may be 
relatively large. The transfer from passageway 4 to 3 will be considerably 
smaller. This heat exchange will rapidly decrease with the increase of the 
number of passageways in the labyrinth. Consequently, if the number of 
passageways is great enough, the heat exchange between the last two 
passageways most removed from the object can be made smaller than the 
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limit of experimental error. Under these conditions practically all the 
heat developed by the object will be recovered and measured. 

We have discussed the method of recovering heat transferred in the 
labyrinth including that from the central part in which the object is located. 
To measure the heat, it is necessary to have the junction of a thermocouple 
(or the bulb of a mercury thermometer) as close as possible to the object. 
It is essential, however, to mix the water before it reaches the place where 
the thermojunction is located, in order to maintain a uniform temperature 
throughout all the water leaving the labyrinth. For this reason the upper 
labyrinth (O 2 ) is joined to the main lower labyrinth as shown in Figme 53 
(§ 90). 

For measuring the heat developed per unit of time by the object, it is 
necessary to know; (1) the difference. At, between the temperatures of the 
water leaving and entering the calorimeter; and (2) the amount of water, 
V, passing per unit of time through the calorimeter. If the object is 
developing a constant amount of heat per hour, the equation to be applied 
is: 

AQ = vDcAt (1) 

in which v is the volume of water passing in one hour through the calori- 
meter, D its density, c its specific heat, and At the difference in temper- 
atures of water leaving and entering the labyrinth. This value is measured 
after thermal equilibrium has been established in the whole apparatus. 

If th(! thermal effect starts at moment n and stops at r*, and if the 
amount of heat liberated changes with time, the total amount of heat, Q, 
produced during the experiment is: 


Q 


-/ 


'r2 

v-Dc' Cd'dr 


( 2 ) 


In this equation v is the volume of water which passes through the 
(calorimeter per unit of time, M the actual difference in temp)erature of the 
water leaving (t) and entering the calorimeter (to), so that At== (t-to), and 
dr is the increase of time. Difference At is certainly a function of time. 

The first experiments carried out by Malawski^®* were made with the 
idea of proving the applicability of the labyrinth flow calorimeter even in 
the simple model presented in Figure 52. An electric heater was used and 
the intensity of the current was varied to produce from one to ten calories 
in one hour. The average error found in a series of experiments was ±0.5 
per cent. No higher precision could be reached because v and At in equa- 
tion (1) could not be measured precisely enough. Malawski has found 
also that liquids other than water could be used. The specific heat of the 
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liquid may be considerably smaller than that of water, ana much larger 
temperature inreases, A^, could be observed. 

Further studies on the application of ' the labyrinth flow microcalori- 
meters were postponed because it was found that the method could be 
applied with success in measuring the heat of setting of cements. This 
work was urgently needed at that time in Poland. Other experiments were 
directed toward finding the general applicability of the method in macro- 
calorimetry. The invasion of Poland interrupted the investigations having 
in view the use of labyrinth flow calorimeters in microcalorimetry. For this 
reason only the macrocalorimetric investigations are described in this 
chapter. 

§ 90. Improved Labyrinth Flow Calorimeter. In Figure 53, a new 
type of labyrinth flow calorimeter is presented. It is composed of two 
labyrinths, the main one constituting the lower part of the apparatus and 
an upper one which serves at the same time as a cover. 

The object under examination is located or suspended in vessel A found 
in the center of the lower labyrinth. Direct heat exchange takes place 
between vessel A and the water streaming through the central container, 
which forms together with vessel A the last passageway of the lower 
labyrinth. The central part of the apparatus is surrounded by four 
coaxial passageways, three of which are separated by air. 

In principle the calorimeter functions in a way similar to that shown 
in Figure 52. It is also located in large container B which is immersed 
in a very large thermostat, the temperature of which is kept constant 
within ±0.001°. 

The stream of water enters tube, fc, passes through a short piece of rubber 
tube g and then through the bent metallic tube. Finally, at the bottom 
of the lower labyrinth it reaches hole C, through which the water passes 
into the first labyrinth passageway 1. It reaches the top, passes through 
constriction a and enters passageway 2. At the end of that passageway 
the water passes through the hole leading to passageway 3, in which it 
moves in the opposite direction. In a similar way water reaches passage- 
way 4, in which it flows vertically down so as to pass the bending. Through 
hole b it enters the central container where the calorimeter with the object 
is located. To make sure that the stream of water is as uniform as possible 
everywhere in the labyrinth, a series of constrictions (ci, 62, ^3, etc.) was 
built in; in these, the speed of the water is many times greater than in the 
passageways. Thus the water is forced to flow through all these constric- 
tions and then to be spread everywhere in the passageway where the cross- 
section is much larger. Experiments have shown that the constrictions 
play an essential role in assuring a uniform distribution of water in 
the labyrinth. Constrictions ei, 62, etc. were made by soldering copper 
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wires around one of the cylindrical walls forming the corresponding pas- 
sageway. 

It has been pointed out that water streaming through the central 
vessel (Figure 53) comes in direct contact with the calorimeter (A) con- 
taining the object. At the start of the experiment, the heat exchange 
between the calorimeter and the water cannot be complete. For this 



reason, the temperature of the object is somewhat higher than that of the 
water leaving the central space surrounding the calorimeter (A). Shortly, 
however, a thermal equilibrium between the calorimeter and the water is 
established, which corresponds to a certain distribution of the temperature 
inside the object or inside the screen located between the object and the 
walls of the calorimeter. This distribution of the temperature is similar to 
that which characterizes the state of thermal equilibrium inside other 
calorimeters (Figure 49, § 86). Once this distribution of temperature is 
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established, a constant flow of heat passes through the walls of the calori- 
meter and is absorbed by water streaming through the central part of the 
labyrinth. 

The lower labyrinth functions in a similar way, as described in the 
case of the small glass labyrinth calorimeter (Figure 52), with the excep- 
tion that in all passageways separated by a layer of air the heat exchange 
is much smaller. Therefore, the heat exchange between these passage- 
ways is considerably smaller than that in the first model previously 
described. From that point of view, the calorimeter is better protected 
against heat losses. For instance, the radiation from the central vessel of 
the labyrinth produces some temperature increase in passageway 4. How- 
ever, the latter is separated by a layer of air from passageway 3, so that 
the heat radiated from the surface of wall 4 is considerably reduced. The 
same can be said with respect to the heat exchange between the two 
passageways 3 and 2, which are also separated from each other by a layer 
of air. As pointed out in § 89, the heat radiated by the walls located closer 
to the center and absorbed by those which are closer to the outside passage- 
ways is not lost. It is recovered and transferred to the center by the stream of 
water. The only place in which a very small amount of heat might be 
entirely lost is between the lower and upper labyrinths (space between a 
and the walls of the upper labyrinth). An adequately chosen niethod of 
calibration of the calorimeter (§ 93) eliminates entirely the error which may 
result from such heat loss. Experiments carried out shortly before the 
invasion of Poland have proved that 99.5 per cent of the electric energy 
produced by an electric heater located in chamber A (Figure 53) could be 
recovered. Therefore, 0.5 per cent constitutes the correction which should 
be eliminated by using an adequate method of successive comparative 
measurements*(§ 24, 27). 

Another essential improvement in the structure of the labyrinth flow 
calorimeter consisted in providing the apparatus with an upper labyrinth 
which functioned* better than that shown in Figure 52. Its purpose was 
to protect against heat losses not only the upper part of the calorimeter, 
but also the water after it has left the lower labyrinth. In that way, the 
temperature increases, At^it — to), could be properly measured. The 
central space of the second labyrinth was made large enough to accommo- 
date either a calorimetric mercury thermometer, a thermocouple, or a 
thermopile composed of a number of thermoj unctions. Consequently, any 
desired accuracy in measuring the difference between the temperatures of the 
water leaving and entering the labyrinth could be obtained. 

The upper labyrinth played another important role. It was essential 
to mix the water leaving the lower labyrinth so as to establish a uniform 
temperature before it reached the place where the thermometer was 
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located. For this reason, two horizontal passageways, 1' and 2', were 
located below hole O 2 leading into In ti the Water flows vertically up 
and enters passageway 2", changes its direction, reaches the bending 
opposite constriction a of the lower labyrinth, and flows up through passage- 
way 1". Finally, it reaches space h and the side tube from which it is 
lifted by a syphon. The latter is not shown in Figure 53. By changing 
the lower level of the syphon, the speed of water everywhere in the appara- 
tus can be regulated. 

From the description given above, it can be seen that a is the only 
place in which water streaming through the lower (main) labyrinth may 
absorb some heat radiated from the upper labyrinth (lower part of passage- 
way 1"). It is in that place that the water leaves passageway 1 and enters 
passageway 2. Because of this, some of the heat lost by radiation in the 
lower labyrinth is recovered. These gains or losses of heat should not 
play any essential role, since the calibration of the calorimeter by an electric 
heater should eliminate all the errors resulting either from radiation or 
from heat exchange between the two labyrinths. 

It should be pointed out that cover I of the calorimeter can be tightened 
by any kind of semi-liquid plastic mass. The same refers to surface Z 
found between the rim of the central container and the upper labyrinth. 
In a number of cases a screw and tiny rubber ring have been used. For 
carrying out experiments under pressure (in A) the cover was fastened in a 
way similar to that used in Berthelot^s calorimetric bomb. An insulation 
in U was made by placing an insulator there. At / a small piece of rubber 
tube separated space ti from i". Finally, by means of stopper m the 
thermocouple or calorimetric thermometer could be fastened. At the 
same time it tightened the hole so that the syphon could function properly. 

§91. Applicability of the Labyrinth Flow Calorimeter. It should 
be pointed out that the labyrinth flow calorimeter resembles not only 
Junkers^ apparatus used for measuring the heat of combustion of gases or 
volatile liquids, but, to some extent, the apparatus used in biology and 
physiology. The similarity may be seen in the fact that the energy 
equivalents of the objects and the apparatus are not taken into considera- 
tion in both kinds of apparatus. 

The labyrinth flow calorimeter offers another advantage, which is 
essential in both physicochemical and physiological researches. It con- 
sists in the fact that the objects can be kept at constant or practically con- 
stant temperature. The latter is always close to that of the thermostat. 
In addition, if during the experiment the object produces more or less heat, 
it is possible to change the amount of water passing through the calori- 
meter. In that way desirable increases or decreases in At can be achieved. 

Small changes in the structure of the apparatus make it applicable for 
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measuring the heat developed by fishes and other animals, or even plants 
living in fresh or in salt water. Even large changes in the quantity of heat 
liberated in one or another stage of the reaction do not play any essential 
role. 

No difficulties are encountered in switching from a system of two 
thermo junctions to a thermopile with a large number of junctions. Finally, 
self-recording systems may be used so that the apparatus may function for 
a long time without supervision. 

The simplicity of the method is evident. All thermometric and calori- 
metric corrections can be eliminated by using the proper method of calibra- 
tion (§ 20, 27). 

§ 92. Possibility of Replacing Water with Air. At the Physico- 
chemical Laboratory of the Institute of Technology, Warsaw, preliminary 
experiments have been made on the problem of replacing the water in the 
labyrinth with air. This change may be found important for using this 
type of calorimeter for measuring the heat developed by human beings and 
animals. In carrying out these measurements, arrangements should be 
made for absorption of carbon dioxide and air. Correction for the heat 
absorbed by air due to its expansion should be determined by blank experi- 
ments. This can be eliminated also by using the method of comparative 
measurements. 

Experiments made by the writer and his collaborators have shown that 
both the structure and the material used for building the air flow calori- 
meter should be somewhat different. No details are given in this book 
because the investigations were interrupted by the war before the method 
could be examined adequately. 

§ 93. Application of the Method of Comparative Measurements. It 
was pointed out in a previous paragraph that any kind of method of com- 
parative measurement may be applied for eliminating the corrections when 
using the labyrinth flow calorimeter. It is easy also to reproduce the 
conditions of the experiments because they depend exclusively upon the 
proper functioning of the thermostat (§ 6, 8) and the thermocouple for 
measuring the difference, A^, in equation (1) (§ 89), and upon the amount 
of water streaming through the labyrinth. The main purpose of the 
calibration is elimination of the correction for the heat losses. The latter are 
not large when compared with the amount of heat developed by the object 
or by an electric heater. It is, however, important to carry out a series of 
supplementary measurements in which some larger and smaller amounts of 
heat than that liberated by the object are produced by the electric current. 
If in this set of experiments no unexpected variations of the results are 
found, it may be assumed that the elimination of the correction has been 
made properly. Otherwise, the cause of unexpected deviations should be 
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found by additional calibration experiments in which some changes in con- 
ducting the measurements should be made. In that way the influence of 
factors which had remained unchecked in the first series of calibration 
experiments may be detected. 

§ 94 Accuracy of the Labyrinth Flow Calorimeter Method. The 
writer is quite aware that at the present time no definite answer can be 
given to the question regarding the highest accuracy which may be obtained 
by using the labyrinth flow calorimeter. In fact, no special investigations 
have been carried out for finding the magnitude of experimental errors 
both in macro- and microcalorimetric measurements. These experiments 
were postponed because of the necessity of using the labyrinth flow calori- 
meter for measuring the heat of hardening of cement. This application 
was so important that hundreds of experiments have been carried out on 
the thermochemical characteristic of different cements. For this purpose 
a self-recording device was built and the measurements could be performed 
easily without interruptions for 30 to 36 hours. In that way, the thermo- 
chemical properties of cements should be investigated more precisely than 
by any other method used in the past.^* is, le. se. 45. 58 , 62 . 71, 72. 79. 9 i, 95 . m 

Other experiments made with the apparatus have shown that the limits 
of the errors may be kept at least in the same range as in any other macro- 
calorimetric methods. 

§ 95. Application of Labyrinth Flow Calorimeter for Measuring the 
Heat of Hardening of Cements. In the past, several methods were used 
for measuring the heat developed by cement after it has been mixed with 
water.^^' Most of these methods were indirect. For instance, in the 
United States the method was based on measuring the heat of dissolution 
of the sample. Using this method, one had to determine first the heat 
developed by the starting material, and then that which was evolved after a 
known amount of cement and water had been mixed and allowed to stay 
at a constant temperature a certain number of hours or days. The dif- 
ference in the heat of dissolution was used for calculating the heat of harden- 
ing of the sample.®^ In the labyrinth flow calorimeter provided with a 
self-recording device (see Figure 54) a cuiwe could be obtained showing the 
heat produced by the reaction of cement with water at any stage of the 
process. The heat developed in the period of about half an hour after the 
mixture was prepared could not be measured, because that time was 
required to put the apparatus into operation. J. Pomorski started these 
investigations in 1935 and obtained about one himdred diagrams for dif- 
ferent kind of cements. Many of the samples were prepared by cement 
plants especially for his investigations. Most of them, however, were 
manufactured for building large hydraulic installations in Poland (Roznow 
and Porembka). Before the invasion of Poland, J. Pomorski was pre- 
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pared to publish a monograph on that subject. The writer does not know 
whether Pomorski succeeded in saving his figures and diagrams, which he 
had collected for several years. The results of experiments described 
below were published in 1939 by Pomorski and the writer as preliminary 
investigations.^*^^ The self-recording device shown in Figure 54 was used 
for getting a diagram in which time r, difference and amount of 

water, t;, passing the calorimeter in known intervals of time were auto- 
matically recorded. 

Because a large amount of water was required, it was taken directly 
from the water line. Before entering the thermostat it was kept in con- 
tainer A (forty liters in capacity). From this container water entered 
copper tube N which was wound in a spiral. The latter was located in 
thermostat T in which temperature h was kept constant within ±0.001^ 
(see § 7, 8). 

After passing the spiral, water reached container B which was also 
immersed in the thermostat. For the proper functioning of the water 
meter (Figure 55) it was essential to remove by filtration all the particles 
of dust which could be occasionally found in the water. The first filtra- 
tion was made before the water reached container A. The second filter 
was located between the spiral and container B. From JS, water entered 
the labyrinth of the calorimeter. In Figure 54 points B and D are shown 
where the thermoj unctions were located for measuring the difference 
between the temperatures of water entering and leaving the calorimeter. 
The details of the structure of the calorimeter were the same as described 
in § 90. They are shown in Figure 53. The bulb of a Beckmann ther- 
mometer was usually located in container B, to measure from time to time 
the temperature of the water in that container. Another Beckmann 
thermometer was placed in the vicinity of the thermoj unction in c so that 
the temperature of the water in the thermostat could be measured. This 
was essential for controlling the functioning of the thermoregulator (see 
§ 8 and 9). A conventional type of self-recording device was used (Mirror 
jP, light bulb L, and recording cylinder H), 

After passing the upper part of the second labyrinth {D in Figure 54) 
and syphon 7, in which the water level was regulated by the stopcock 
attached to the U-tube, the water entered water meter J. The details of 
that device are shown in Figure 55. It resembles an automatically func- 
tioning hydraulic apparatus. Each time when the container was filled 
with water to such an extent that it could flow down through the central 
outlet tube, a syphon was formed and the water flowed down and emptied 
the container. The stream of water exerted a pressure on the arm of relay 
Ky and the electric current appeared in the circuit in which light bulb Li 
was located. Consequently, each time that a known amount of water 
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passed through the water meter, a vertical line appeared on the photo- 
graphic paper (cylinder H), Finally, in a similar way, every ten minutes 
an electric watch, t, closed another circuit with light bulb L 2 . In that way 
time intervals were recorded on the same photographic paper. It was 
important to supervise the functioning of the apparatus without entering 
the constant-temperature room (§ 7). For this reason, three signal bulbs. 



Figure 65 
Water Meter 


red, green and yellow, were located in a neighboring room so that the 
experimenter could observe the proper functioning of all the devices. If 
it was necessary to enter the calorimetric room, the experimenter used a 
red light. 

It should be emphasized that a relatively strong motor used for stirring 
(§ 8) was located in the hall, outside the constant-temperature room, so 
that one source of heat was removed from the room in which the measure- 
ment was carried out. From time to time it was necessary to interrupt 
the functioning of the device which recorded the galvanometer deflections 
to permit the zero point to be fixed on the graph. 
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The recording device was made by the Cambridge Electric Instrument 
Company, England. The cylinder was large enough so that 12x42 cm 
photographic paper could be fastened on its surface. The device was 
located in a wooden box in front of which the lens gathering the beams of 
light was found. 

Experiments have shown that the error in measuring the amount of 
water which passed the labyrinth flow calorimeter did not exceed 0.5 per 
cent. To protect the galvanometer from vibration it was located on a 
concrete block weighing about 150 kg. The latter was placed on four 
rubber balls. 



Figure 56. Photographs Characterizing Thermochemical Properties of Three Different 
Cements. Time, Amount of Water Passing Through the Labyrinth 
and Difference in Tem{)erature of Water Leaving and 
Entering the Labyrinth Have Been Recorded. 


All the light bulbs worked on a 4-volt circuit. Transformer M con- 
nected with the line of alternating current, was used for that purpose. 

§ 96. Thermal Characteristics of Three Different Cements. It has 
been pointed out that J. Pomorski used the device just described for an 
extensive investigation of a very large number of cements. Usually, the 
experiment started half an hour after the cement had been mixed with 
water. For getting the complete thermochemical characteristics of a 
cement it was necessary to carry out the measurement for at least 24 hours. 
In a number of cases the experiment was extended to 36 hours. 

The writer is able to give the photographs for three cements only (Figure 
56). They have been published in the report presented to the Academy of 
Technical Sciences in Warsaw.^®® Two of these cements were considered 
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at the time the publication appeared, as extreme cases; the third showed 
properties which are rather similar to those of cements mostly used in 
practice. As has been pointed out, the experiments started half an hour 
after mixing the cement with water. During this time a relatively large 
amount of heat was developed, due to adsorption and absorption of water 
and to the hydration of free calcium oxide in the cement. About 30 to 45 
minutes later the development of heat decreased rapidly, and a minimum 
of heat production could be observed. The final stage of this phenomenon 
is represented in the graph. The curves showed that, after the first stage 
of the reaction had passed, the heat development increased rapidly with 
time. It reached a maximum and then steadily decreased. In spite of 
the similarity of all the diagrams, different cements vary considerably with 
respect to the location of the maximum. They differ also in the total 
amount of heat developed in the first period of hardening, wliich lasts for 
24 or 36 hours. In the last stage of hardening only small amounts of heat 
are developed for a munber of weeks and even months. J. Pomorski found 
that it is importam to have three diagrams, the first for the period from 
i to 12 hours, the second from 12 to 24 hours, and the third from 24 to 36 
hours. The last stage of the reaction could be examined by either the 
adiabatic (§ 58), the static (§ 78) or the kinetic method (§ 79, 80). 

As to the samples, the thermal characteristics of which are represented 
in Figure 56, the following may be pointed out: (1) the first (upper) curve 
shows that the sample examined had a long period of a steady increase of 
heat production, and that the maximum appeared about 19 hours after the 
start of the reaction. After passing the maximum a rapid decrease in 
heat development was observed. (2) The middle curve represents another 
example. The increase in heat development is more rapid and the maximum 
appears 14 hours after the cement has been mixed with water. Less rapid 
and nearly a linear decrease of heat development was observed during the 
next ten hours. * (3) The lower curve shows the thermal properties of a 
cement which was manufactured with the purpose of slowing down the 
development of heat in the first period of the reaction. For this reason 
not only did the maximum of heat production appear in the early stage of 
hardening, but the heat produced at that time was much smaller than in 
the other two cases. After the maximum was passed, a rapid decrease in 
heat production was observed. In the next period, of about 12 hours dura- 
tion, the curve was slightly inclined to the axis of time, which meant that a 
relatively large and nearly constant amount of heat was developed. 

Other cements examined by Pomorski were characterized by various 
curves lying somewhere between two extreme cases shown in the first 
and in the third diagrams (Figure 56). 

It is not the purpose of this book to enter into details concerning the 
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factors which were responsible for the changes in the shape of the curves 
and in the total amount of heat liberated by the setting of different cements. 
Both the composition of the cements and the size of the particles caused the 
change in the shapes of the curves. The amoimt of water mixed with the 
cement should be constant. In all experiments previously described 31 
grams of water were mixed with 100 grams of cement. From the description 
given above, one conclusion may be drawn: the method of the labyrinth 
flow calorimeter offers valuable information concerning how the thermal 
process proceeds and how the development of heat of hardening cements 
changes with time. 

§ 97. Heat of Mixing of Cement with Water. The technique of the 
experiments carried out by Pomorski^®^ and Rosinski^°® did not permit 
measuring the heat developed during the first 30 minutes of the reaction of 
cement with water. For examining the first stage of the reaction a special 
calorimeter has been built. In this apparatus the development of heat can 
be measured from the very beginning of mixing the cement with water up 
to the moment when the observation can be carried out by using the 
labyrinth flow calorimeter. 

The calorimeter used for this purpose consisted of a drum immersed 
in water and rotating with a constant speed on its horizontal axis. The 
calorimeter was surrounded with an adiabatic jacket so that the experiment 
could last an arbitrarily long period of time. Before starting the measure- 
ment, the drum was loaded with a given amount of dry cement and the 
loading hole was closed by a membrane. 

First, it was necessary to determine the heat produced by stirring and 
by friction of all movable parts of the apparatus. In addition to that, 
some amount of heat was developed by the tumbling of the cement in 
the drum. After the correction for that heat was determined, the mem- 
brane was removed for a moment, an excess of water heated to the same 
temperature was poured into the drum, and it was closed once more by the 
membrane. The main calorimetric process started at once and was con- 
ducted for one hour; thus the heat produced by mixing of cement with 
water and the first stage of the reaction could be determined and added to 
that measured by means of the labyrinth flow calorimeter. 

Unfortunately, the writer is unable to give any figures obtained by 
Pomorski relating to this stage of the reaction of water with cement. It 
is possible that they have been burned together with the Chemistry Build- 
ing of the Warsaw Institute of Technology. 

§ 98. Determination of Heat of Vaporization. A series of determina- 
tions of the heat of vaporization of volatile liquids has been made, to prove 
whether the labyrinth flow calorimeter is suitable for this kind of measure- 
ment. For this purpose central vessel A (Figure 53) was son;iewhat changed 
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in its structure. Instead of metallic vessel A a glass container resembling 
a gas-washing vessel provided with a spiral was used. To speed up the 
evaporation of the liquid a constant stream of air was passed through the 
vessel and the spiral. Before entering the calorimeter it traversed a long 
copper tube, wound in a spiral and located in the same thermostat, which 
served as an isothermal jacket and as the source of water entering the 
labyrinth. 

The amount of the liquid evaporated in tJie calorimeter could be mea- 
sured in two different ways: (1) by weighing the vessel before and after the 
experiment, and (2) by determining the increase in weight of several 
U-tubes filled with activated carbon and attached in series to the outlet 
tube of the calorimetric vessel. For determining the weight of the liquid 
adsorbed by activated carbon a correction was introduced for the adsorp- 
tion of the small amount of air. This correction was determined directly 
by carrying out a blank experiment. The experimental error of the deter- 
mination of the heat of vaporization did not exceed 0.5 per cent. It was 
usually closer to 0.3 per cent. 

Both the method of the labyrinth flow calorimeter and the adiabatic 
method are suitable for measuring the heat of vaporization of highly vola- 
tile liquids. It has been pointed out (§71) that this is not the case if the 
method of measuring the heat of condensation of vapors is employed. In 
the latter experiments better results are obtained for high-boiling liquids. 

§ 99. Application of Labyrinth Flow Calorimeter in Physiology and 
Biology. Experiments have shown that the labyrinth flow calorimeter can 
be easily applied for measuring the heat developed by animals. Preliminary 
investigations were made by using a small calorimeter for mice and a larger 
one for rats, gmnea pigs, rabbits and other animals weighing not more than 
5 kg. Self-recording devices could be easily applied as in the experiments 
with the heat of setting of cements. The only difference in the structure 
of the central part of the calorimeter consisted in providing central vessel A 
(Figure 53) with a metallic tube wound in a spiral and located between 
the cover and the horizontal part of the upper labyrinth. In addition, 
the air before entering the calorimeter had to pass through a long metallic 
tube located in the thermostat in order to bring it to the temperature of 
the latter. 

A number of preliminary experiments proved the applicability of the 
labyrinth flow calorimeter, and it was planned to build a large calorimeter 
for men and animals weighing up to 100 kg. It seemed convenient in 
these large calorimeters to replace the stream of water in the labyrinth by 
a stream of air. The same air could also pass through the central chamber 
in which the object was to be placed. It was believed that such a change 
would simplify the whole structure of the apparatus and would decrease 
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its weight. The invasion of Poland interrupted the realization of these 
plans. 

§ 100. Application of the Labyrinth Flow Calorimeter for Measuring 
the Heat Developed by Plants and Animals Living in Water. The war 
interrupted also the experiments with fishes, other animals and plants liv- 
ing either in fresh or in salt water. The structure and the functioning of 
the labyrinth flow calorimeter seemed to be suitable and convenient for 
carrying out such investigations. For instance, a stream of fresh or salt 
water saturated with air or oxygen might pass through the lower labyrinth, 
then through the calorimeter containing the object, and finally through the 
upper labyrinth. If necessary, special arrangements might be added so 
as to keep some amount of air in the upper part of the calorimeter. The 
velocity of the stream of water could be so chosen as to have a reasonable 
increase of temperature of the water leaving the lower labyrinth. Self- 
recording devices could facilitate conducting the measurements over a 
long period of time. 

§ 101. Conclusions. It seems that the construction of the labyrinth 
flow calorimeter offers so many advantages that this apparatus may find 
numerous applications in the future. Using the lower and the upper 
labyrinths as described in § 90, one may protect the calorimeter against 
heat gains or losses so as to reduce to a minimum the correction for the heat 
exchange of the calorimetric system with the surroundings. 

In addition, this correction can be entirely eliminated by carrying out 
blank experiments with an electric heater, as previously described (§ 93). 
The convenience of the method lies in the flexibility of conditions under 
which experiments can be made. The precision with which differences, Ai, 
between the temperatures of water leaving and entering the calorimeter 
can be measured is entirely in the hands of the experimenter. There is, 
however, one important factor which may play a predominant role in 
microcalorimetric measurements, namely, temperature fluctuations of the 
thermostat. If the object develops a constant amount of heat, the influence 
of these fluctuations is not very great because positive deviations usually 
are compensated by negative ones. If, however, the development of heat is 
not constant, the fluctuations may be a source of systematic or accidental 
errors. These errors may be large if the object liberates very small, 
irregular or changeable amounts of heat. 

The flexibility of the conditions under which the measurements may 
be conducted consists: (1) in changing the size of the calorimeter, (2) in 
changing the amount of water passing through the labyrinth per unit of 
time; (3) in replacing the water with another liquid or with air; (4) 
in changing the accuracy with which temperature differences, Ai, are 
measured. Other changes associated with passing the air or the water 
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through the vessel in which the object is located liave been previously 
discussed. 

The author is convinced that further changes in the structure of the 
labjrrinths may lead to further improvements and simplifications of the 
apparatus. For instance, at the present time it is difficult to estimate the 
accuracy of microcalorimetric measurements. Up to now, no systematic 
and precise determinations of the heat losses by the labyrinth in the case 
of microthermal processes have been made. The application of macro- 
and microcalorimeters of this kind in biology was in its preliminary stage. 
Studies should be made with the purpose of applying Tian’s multi-stage 
thermostat in such a way as to avoid fluctuations of the temperature of the 
water entering the labyrinth. 



Chapter XI 

The Choice of a Method 

§ 102. Variety of Microthermal Processes. In the previous chapters 
a number of microcalorimetric methods and their applications for examin- 
ing different microthermal processes have been described. From that 
description it is easy to see that the variety of these processes is very large. 
For this reason, it seems that it would be impossible to find one universal 
microcalorimetric method which could replace all those used in the past. 
The objects examined and the nature of the thermal processes are so dif- 
ferent that, before choosing the method, all conditions under which the 
measurements might be carried out ought to be examined carefully. 

In this chapter a comprehensive description is given of the methqds 
which have been used up to this time, in order to facilitate proper choice 
of the method to be employed in any particular case. 

§ 103. Processes of Short and Long Duration. First of all the 
experimenter should determine whether the process he intends to study 
belongs to the group of short or long duration (§ 2, 3, 4). In general 
it can be assumed that all processes which last less than fifteen minutes 
belong to the first group. Each time a process of short duration is examined, 
the question should be answered : Can it really be brought to a desired state 
in that short a period of time? The shape of the curve which expresses the 
relation between the amount of heat produced and time does not play any 
essential part in processes of very short duration. If the adiabatic method 
must be employed, the shape of the time -temperature curve should be 
examined in blank experiments. This is the only way to learn how to 
maintain the adiabatic conditions of the calorimetric experiment unless an 
automatic device is employed. 

If processes of long duration are examined it is important to know how 
much heat is liberated by the object at any particular moment, because this 
has a direct influence on the choice of the method. Sometimes it is neces- 
sary to measure the heat liberated during a particular stage of a reaction, 
and not the total amount developed during a long period of time. All 
these conditions ought to be taken into consideration when selecting the 
microcalorimetric method to be used. 

§ 104. Specification of Thermal Processes of Long Duration. For a 
proper specification of a thermal process of long duration the following 
questions are important. (1) What is the approximate quantity of heat 
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per unit of time produced by the object? (2) What is the approximate 
shape of the curve expressing the relation between the amount of heat 
produced and time (see § 2, 3)? (3) What is the amount of material 
producing heat which is or can be available for a microcalorimetric mea- 
surement? (4) What is the approximate value of the energy equivalent 
of the calorimetric system (if)? (6) How long will the experiment last? 

In addition to these general questions the following may also be important : 
(a) Should a stream of air pass through the calorimeter during the experi- 
ment? (b) Can the air be removed from the vessel in which the calori- 
meter is suspended (§ 61, 77)? (c) Is it necessary to keep the object at 

constant temperature? (d)Does the heat developed by the object per unit 
of time change with the change of temperature? (e) Are there some other 
specific conditions which should be fulfilled? 

Negative or positive answers to all these questions should play a decisive 
role in choosing the microcalorimetric method to be employed in each 
particular case. 

§ 105. Survey of Processes of Long Duration and of Methods 
Employed. In the tables which follow, a list of thermal processes of long 
duration thus far examined is given. The methods used are briefly 
characterized in ^‘Remarks.^^ For convenience, in the last horizontal line 
the numbers of the paragraphs are given in which the details of the micro- 
calorimetric method employed in that particular case are described. The 
numbers found in the first column are used for references in the discussion 
which follows. 


12 3 4 

Heat of radioactive transformation 
(Absorption of alpha, and beta particles and gamma rays) 


Radium 

Twin calori- 
meter 

0 

Small 


Radium 

Ice calorime- 
ter 

Small 


Radium 

Adiabatic 

Microcalori- 

meter 

Small 


Polonium 

Adiabatic 

Microcalori- 

meter 

Very small 


Number 

Determination 

Object 
Method used 


Amount of ma- 
terial avail- 
able 

Energy equival- 
ent, K, of the 
calorimeter 

dQldr 

Duration of 
measurements 


Jacket 


Relatively 
' large, de- 
liberately 
chosen 

Constant 


Relat i ve 1 y 
short 


Well insulated, 
but not iso- 
thermic 


Plays no role 


Constant 

Deliberately 
chosen, not 
very long 

Isothermic 


Large and in- 
terchange- 
able 

Constant 

Deliberately 
chosen, ex- 
tending up 
to 30 hours 

Adiabatic 


Relatively 

small 

Decreasing 
with time 

Several hours 

Adiabatic 
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Number 

1 

2 

3 

4 

Specific condi- 
tions 

Screen for ab- 
sorption of 
particles and 
gamma rays 

Screen for ab- 
sorption of 
particles and 
gamma rays 

Interchange- 
able lead 
screens 


Remarks 

In the early 
stage no at- 
tention has 
been paid 
to the ab- 
sorption of 
a large per- 
centage of 
gamma rays. 

In the early 
stage no at- 
tention has 
been paid 
to the ab- 
sorption of 
a large per- 
centage of 
gamma rays. 

Up to 97 per 
cent of 
gamma 
radiation 
could be ab- 
sorbed. 

Half period 
disintegra- 
tion time 
could be 
measured. 

Paragraphs 

§ 28, 29, 30, 
31, 33 

§ 36, 39 

§ 68 

§68 

Number 

5 

6 7 

8 

9 


Determination 


Object 
Method used 


A m o ii n t o f 
material 
available 
Energy 
equivalent, 
K, of the 
calorimeter 
dQldr 

Duration of 
measure- 
ments 
Jacket 

Specific condi- 
tions 


Remarks 


Heat of ab- 
sorption of 
gamma 
rays 
Radium 
Combined 
adiabatic 
and laby- 
rinth flow 
calorimeter 
Relatively 
small 

Large 


Heat developed by radioactive minerals 
(Absorption of alpha and beta particles and gamma rays.) 


Pitchblende 

Adiabatic 

micro- 

calorimeter 


Pitchblende 

Static 


Pitchblende 

Kinetic 


Pitchblende 
Ice micro- 
calorimeter 


As large as As large as As large as As large as 
possible possible possible possible 


Large 


Large 


Large 


Plays no role 


Constant 
very small 
Several hours 


Adiabatic 
Heat of ab- 
sorption of 
alpha and 
beta par- 
ticles re- 
moved 


Known per- 
centage of 
gamma 
rays ab- 
sorbed 


Constant 
very small 
From 10 to 
36 hours 

Adiabatic 
Vacuum in 
between 
calorimeter 
and jacket 
desirable 


Constant 
very small 
From 16 to 
36 hours 

Isothermic 
Use of ther- 
m o p i 1 e 
with multi- 
ther m o- 
contac ts 
desirable 


Constant 
very small 
From 16 to 
36 hours 


Constant 
very small 
10 to 15 hours 


Isothermic Isothermic 


Total absorp- Precise func- 


Paragraphs § ( 


t i o n of 
alpha and 
beta par- 
ticles high 
percentage 
of gamma 
rays 
168 


tioning of 
the ther- 
mostat re- 
quired 


§ 78, 81 


Use of ther- 
m o p i 1 e 
with multi- 
t her mo- 
contacts 
desirable 


Determina- 
t i o n of 
tan a or 
observa- 
tion of the 
cooling 
and heat- 
ing curves 
§ 80, 81 


Device for 
establish- 
ing desir- 
able pres- 
sure inside 
the calori- 
meter re- 
quired 

Difficulties 
associated 
with sec- 
o n d a r y 
phenomena 
inside the 
calorimeter 

§42 
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Number 10 11 12 13 14 


Determination 


Heat of va- Heat of ab- 
porization sorption 


Head of me- Heat 
c h a n i c a 1 aging 

deforma- 
tion 


o f Heat of de- 
composi- 
tion and 
evapora- 
tion of sol- 
vent 


Object Volatile Activated Lead 

liquids carbon 

Method used Adiabatic Adiabatic Kinetic 
micro- 
calori meter 


Aluminum Artillery 
alloy powder 

Kinetic and Kinetic and 
Static adiabatic 


Amount of 7 to 80 mg. Deliberately Several Kg or Several Kg or 100-300 g or 
material chosen more more more 

available 


Energy Conveniently 
equivalent, chosen 
K, of the 
calorimeter 


Conveniently Depends up- 
chosen on the 

weight of 
material 


Depends Depends up- 
upon the on the 

weight of weight of 

the block powder 


dQldr 


Endothermic Variable 
variable 


Decreases Varies 
very slowly time 


with Exothermic 
or endo- 
thermic, 
varies with 
time 


Duration of 1 to 4 hours 1 to 4 hours Several hours Several hours Several hours 
measure- 
ments 


Jacket 

Specific 

ditions 


Remarks 


Paragraph 


Adiabatic 

i- Calorimeter 
hermeti- 
cally closed 
before and 
after the 
measure- 
♦ ment 

Convenient 
method for 
very vola- 
tile liquids 


§71 


Adiabatic 

Calorimeter 
hermet- 
ically 
closed be- 
fore and 
after the 
measure- 
ment 

Convenient 
for measur- 
i n g the 
average 
heat of 
absorption 


§71 


Adiabatic 

Block sus- 
pended by 
means of 
screws at- 
tached to 
its top 


Heat of me- 
chanical 
deforma- 
tion pro- 
duced by 
the weight 
of the 
block 


§82 


Isothermic 

A number of 
e X p e r i - 
ments re- 
peated day 
after day 


Heat of aging 
of quenched 
alloy, QldT 
increases, 
passes a 
maximum 
and de- 
creases 
reaching 
zero 

§84 


Isothermic 

Calorimeter 

hermet- 

ically 

closed 


Decomposi- 
tion eva- 
poration of 
the solvent 
reaction 
with air 


§83 


Uppn examining these tables one may conclude that the variety of 
objects investigated was very great and that the specific conditions under 
which the experiments were made also differed considerably. For instance, 
there were cases in which the experimenter could use an arbitrarily large 
amount of material, in other cases materials were available only in very 
small quantities/ Investigations are found in which it was necessary to 
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Number 

16 

16 

17 

18 

19 

Determination 

Specific heat 

Hardening of 

Heat of va- 

Heat d e - 

Heat of 


of solids or 
liquids 

Cements 

porization 

veloped by 
animals 

g e r m i - 
nation 

Object 

Solid or liquid 
substances 

Cement 

Volatile 

liquids 

Animals 

Seeds 

Method used 

Twin calori- 

Labyrinth 

Labyrinth 

Labyrinth 

Adiabatic 


meters 

flow calori- 
meter 

flow calori- 
meter 

flow calori- 
meter 

micro- 

calorimeter 

Amount of 

Deliberately 

Deliberately 

Deliberately 

From 60 g to 

Several 

material 

chosen 

chosen 

chosen 

2 Kg 

grams 

available 

Energy 
equivalent, 
K, of the 
calorimeter 

Depends up- 
o n the 
weight of 
the mate- 
r i a 1 e X - 
amined 

Plays no role 

Plays no role 

Plays no role 

Relatively 

small 

dQfdr 

Constant 
produced 
by electric 
current 

Variable 

Mostly con- 
stant 

Constant or 
fluctuating 

Increases 
with time 

Duration of 
measure- 

Usually 1-3 
hours 

Usually 36 
hours 

1-2 hours 

1-3 hours 

1-3 hours 

ments 

Jacket 

Adiabatic 

Isothermic 

Isothermic 

Isothermic 

Adiabatic 

Specific condi- 

— 

Automatic 

Convenient 

Stream of air 

Stream of air 

tions 


record of 
all values 
involved 

for highly 
volatile 
liquids 

passing 
through 
the calori- 
meter 

passing 
through 
if neces- 
sary 

Remarks 

Determina- 

Curves 

Heat of va- 

Convenient 

In between 


t i 0 n of 

(Q, r) 

porization 

for fishes 

successive 


specific 
heat of 
liquid or 
solid sub- 
stance 

c h ar a c - 
terize the 
properties 
of cements 

measured 

and a n - 
imals liv- 
ing in fresh 
and salt 
water 

measure- 
ments the 
seeds were 
kept at 
constant 
room tem- 
perature 

Paragraphs 

§70 

§95 

§98 

§99 

§99 


place the object in a massive sphere of lead so as to have a thick and dense 
screen absorbing all kinds of radiation. Processes were examined which 
did not depend upon the temperature. In most of the cases, however, it 
was important to avoid any change in the temperature of the object. In 
some instances the experimenter could decide himself how long the measure- 
ment should last. In general, however, he had to carry out the experi- 
ments for a length of time dictated by the nature of the process under 
examination. 

The conclusion which can be drawn from the examination of the fore- 
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going tables is that for an adequate choice of a microcalorimetric method a 
large number of factors should be taken into consideration. 

Besides the problems associated with the nature of thermal processes, 
another question should be answered by the experimenter. This refers to 
the case in which microcalorimetric investigations are planned for a labora- 
tory which is not adapted for that kind of measurement. In that case the 
question arises whether the solution of one particular problem is sought, or 
whether a variety of measurements are going to be undertaken. The 
answer to this question is essential from both the scientific and practical 
points of view. If extensive microcalorimetric measurements are planned, 
it is essential to have a .constant-temperature room and a large thermostat. 
Otherwise more simple and less expensive equipment can or must l)e 
used. 

The accuracy of microcalorimetric measurements is also a problem 
which should be examined before the method is chosen. In the past it 
was believed that the experimental error of microcalorimetric measure- 
ments was high. Forty years ago the experimenter was satisfied if the 
results of his measurements fluctuated within 10 or even 20 per cent. At 
the present time it is difficult to give the range in which the average error 
of different microcalorimetric measurements may vary. It is, however, 
reasonable to suppose that in most cases the error has been reduced to 
=1=0.2 -0.5 per cent. Exception should be made for those cases in which 
it is more important to use a self-recording device than to reach high 
accuracy in the measurement. Before deciding on a method, the experi- 
menter should decide the limit of experimental error which may be admitted 
in his measurements. 

The main* question, however, which should be settled first, consists in 
choosing the type of calorimetric jacket. One should take into considera- 
tion not only the nature of the objects but also the expense associated with 
purchasing the equipment required by a given method. For this reason 
the usefulness of both the adiabatic and isothermic jackets is discussed in 
the next two paragraphs, 

§ 106. Use of Adiabatic Jackets in Microcalorimetry. A general dis- 
cussion of the advantages and disadvantages of the adiabatic method was 
given in Chapter VIII. The results of this discussion can be summarized 
as follows: The adiabatic method cannot be applied: (1) if the heat 
developed changes rapidly with the temperature; (2) if the object should 
be kept at constant temperature (for instance an animal or a plant) ; (3) if 
the amount of heat developed per unit of time undergoes irregular fluctua- 
tions so that it becomes difficult to maintain strictly adiabatic conditions; 
(4) if the temperature increases are so small that it takes too much time 
to get a desired temperature increase in the calorimeter; (6) if the process 
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starts before all preparations for making the measurement can be arranged 
(for instance, first period of the reaction between cement and water (§ 97)). 

When choosing the adiabatic method the experimenter should decide 
whether he intends to build automatic equipment for heating the jacket or 
whether he wants to maintain the adiabatic conditions manually. 

The use of a thermocouple or a multi-junction thermopile is another 
question which should be answered at the start of the construction of a micro- 
calorimeter. The method of measuring the temperature of the jacket plays 
an important role. If an accuracy of 0.0005° can be exceeded, the time of the 
measurement may be shortened. This should be considered as an essential 
improvement in the adiabatic method. In fact, if the temperature increases 
are kept below 0.1° or even 0.05°, the restrictions listed above under (1) and 
(2) may be considered as not essential, because in a number of cases such 
small changes in temperature can be admitted even if the heat developed 
by the object depends upon the temperature. 

In spite of the restrictions which have been previously discussed there 
exist numerous thermal processes which can be examined very easily by 
employing the adiabatic microcalorimeter^ It seems that the following 
processes may be investigated easily by using this method, (a) Determin- 
ation of the heat produced by very small amounts of strong radioactive 
elements, especially, if the heat liberated during several hours can be con- 
sidered as constant (3) (4) (6). (b) Determination of heat of vaporiza- 
tion of volatile liquids (10). (c) Determination of heat of adsorptions of 

vapors by activated absorbents (11). (d) Determination of the specific 

heat of solid or liquid substances, especially if they are available only in 
small quantities (15). 

The adiabatic method can also be applied in all those cases in which the 
heat evolved per unit of time does not change rapidly with small changes 
in temperature. This applies to some objects in biochemistry, physiology, 
and biology. 

Finally, it should be emphasized that the whole equipment for carry- 
ing out adiabatic measurements is less expensive than that required in 
other microcalorimetric methods. For this reason the adiabatic calori- 
meter may be used, if the experimenter does not intend to carry out sys- 
tematic microthermal investigations over an extended period of time. The 
equipment becomes more expensive if an automatic device is used for main- 
taining the adiabatic condition of the measurement. 

§ 107. Use of Isothermic Jackets in Microcalorimetry. There are 
several different microcalorimetric methods which require an isothermic 
jacket. These include the static (13) (14) and the kinetic methods (14) 
(§78,79,80) the labyrinth flow calorimeter (16) (17) (18) (§90), and 
the ice calorimeter method (9). With regard to the latter, a detailed 
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description and discussion has been given in another chapter of this book, 
and no supplementary comments are given in this paragraph (§ 39, 45). 

The static and the kinetic methods differ to such an extent from the 
method of the labyrinth flow calorimeter that there should not be any 
doubt regarding which to choose. The following general recommendations 
may be given. If the heat developed by the object in one hour is not too 
small, for instance, if it is not less than one calorie, and if the shape of the 
curve expressing the relation between dt/dr and the time (r) is complicated 
(sudden unexpected changes and fluctuations), preference should be given 
to the labyrinth flow calorimeter. On the contrary, if the object evolves a 
constant and very small amount of heat per gram in one hour and if it can 
be used in large quantities, either the static or one of the two kinetic 
methods should be employed. Both of them are much more precise than 
the method of the labyrinth flow calorimeter, (at least at the present stage 
of its development). In addition, it should be borne in mind that the 
precision of both the static and the kinetic methods can be considerably 
improved with increases in the amount of the material used, and with 
increases in the precision of temperature and galvanometer readings 
(§ 80, 85). 

The application of the static and kinetic method is somewhat restricted 
in the thermal processes in which the amount of heat produced decreases or 
increases slowly with time. In these cases the method based on measur- 
ing the angle formed by the tangent to the heating curve and the horizontal 
line can be successfully employed (13) (§ 84). Both these methods can be 
applied if the last stage of a slowly proceeding thermal process has to be 
examined. For instance, the heat developed three months after cement 
has been mixed with water, or that which is produced in the last stage of 
aging of aluminum alloys (13) can be measured with high accuracy by either 
the static or the kinetic method. If these experiments are repeated with 
relatively long intervals of time, the results show that the heat produced 
changes slowly with time and can be graphically represented by a straight 
line slightly incfmed to the time axis. 

In brief the following recommendation may be given as to where the 
isothermic jacket can be used : In physiology and biology preference should 
be given to the labyrinth flow calorimeter; in radiology and in all investiga- 
tions associated with slowly proceeding thermal processes the static or the 
kinetic method should be considered more suitable for accurate results. 

§ 108. Equipment Required for Microcalorimetric Research. In 
microcalorimetry the possibility exists of building the jacket for use either 
in measurements requiring a thermostat or in those in which adiabatic 
conditions must be maintained. For this reason, the thermostat should be 
provided with all necessary devices not only for keeping the temperature 
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of the thermostat as constant as possible, but also for using the same vessel 
as an adiabatic jacket. 

In Figure 44 a jacket is shown, which is provided with cooler S (cold 
water from the water line) and with air stirrer U, If this jacket has to 
be used as a thermostat, a mechanical stirrer and device D for exact deter- 
mination of the average temperature of the thermostat (Figure 9, § 10) 
should be employed. 

The thermostat should be large enough to accommodate any supple- 
mentary vessels and tubes which may be used for the labyrinth flow calori- 
meter and for any other apparatus required for biological or physiological 
research. A careful choice of the equipment built or purchased at the 
start of microcalorimetric investigations will save money if some time later 
another method must be employed, or if two or three calorimeters milst be 
located in the same thermostat. 

At the present time it is difficult to give a definite answer as to whether 
Tian^s multi-stage thermostat might be used. Further investigations carried 
out on a larger scale are required for proving its applicability. It should 
be borne in mind that the question discussed in § 9 has not been answered 
as yet. It concerns protecting the thermoregulator against small changes 
in its volume, because these changes produce unexpected changes in the 
average temperature of the thermostat. They might complicate the prob- 
lem of maintaining the central thermostat in a state of stable thermal 
equilibrium. If this obstacle were removed, the use of Tian’s multiple 
thermostat would increase considerably the accuracy of microthermal 
measurements, with either the static, the kinetic, or the labyrinth flow calori- 
meter methods. 

§ 109. Elimination of Corrections. On many occasions the writer 
has pointed out the importance of carrjdng out microcalorimetric measure- 
ments so as to avoid systematic errors. This can be done by using any 
kind of comparative method, instead of trying to carry out an absolute 
measurement and to calculate all calorimetric and thermometric corrections. 
Numerous examples can be given to prove that many systematic or accidental 
errors have been made because the experimenter did not try to simplify and 
improve his measurementsbyavoidingthe absolute method of measurements. 

In using a comparative method one should explain in detail how he 
eliminated all or most of the thermometric and calorimetric corrections. 
If, in spite of all the advantages of comparative measurements, one has 
some reason to undertake an absolute microcalorimetric measurement, he 
should describe in detail how he avoided committing errors, and he should 
prove that he really did not overlook any secondary phenomenon. He 
should also give all the information regarding how the corrections have been 
calculated. 
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No general rules can be given as to which of the comparative methods 
must be used in any particular case. The experimenter should take into 
consideration all possibilities and should decide which is the best. If 
possible, two methods or several modifications of one method chosen should 
be employed. 

§ 110. Temperature Measurements. It has been previously (§11) 
pointed out that the temperature of the microcalorimeter cannot be mea- 
sured by a mercury thermometer. In a number of cases the electrical 
resistance thermometer cannot be used either. Thermocouples or multi- 
junction thermopiles are usually employed. 

On the contrary, the temperature of the jacket can be measured with 
mercury or electrical resistance thermometers. Since in most ca^es the 
difference between the temperatures of the calorimeter and the jacket are 
expressed in terms of divisions of the galvanometer scale, the method of 
comparative measurements has more often been used in temperature read- 
ings than in any other kinds of measurement. There always exists the 
danger, which should never be underestimated, that the heat transfer 
through the wires connecting the thermo junctions may be the source of a 
systematic error. In each particular case the experimenter should prove 
that this error has been eliminated. 



Postscript 


The main purpose of this book was to give a comprehensive description 
of the microcalorimetric methods which have been used or discussed. A 
number of these methods were known to the writer from the literature or 
from personal discussions with those who had used them. The writer has 
tried to describe them so as to show all their advantages and disadvantages. 
He could not give, however, in all cases as many details as he has presented 
in describing the methods which have been used and examined by himself 
and his collaborators at the Physicochemical Laboratory of the Institute 
of Technology, Warsaw. For this reason he preferred to give direct quota- 
tions from the papers of other experimenters in order to avoid mistakes. 

The writer believes that microcalorimetric methods will be rapidly 
developed in the postwar period. More applications in different fields 
will be found, and perhaps, the method of comparative measurements will 
be used more often than it has in the first stages of the development of 
calorimetry and thermochemistry. 
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— produced by mechanical deformation 

of lead, 82 

— produced by stimulated nerve, 54 


Heat of adsorption — Gont. 

— produced by vaporization of volatile 
liquids, 71, 98 

Ice calorimeter, advantages and disad- 
vantages, 45 

— , formation of new ice layer, 40 
— , formation of microfilm of water, 40 
— for microthermal measurements, 42, 
43 

— , secondary phenomena, 38 
— , use in radiology, 35, 36 
Inertness of calorimeter system, 63 

Jacket, adiabatic, 6, 106 
— , isothermal, 6, 107 
— , insulated, 5 
— multi-, 9 
— , submarine, 50 

Kinetic method of measuring the heat, 
79, 80, 86, 87 

Labyrinth flow calorimeter, 88 
— , application in biology, and physiol- 
ogy, 99, 100 

— , application in cement industry, 95 
— , application for measuring the heat of 
vaporization, 98 
— , calibration of, 93 
— , elimination of correction for heat 
losses, 93 

— , protection against heat losses, 89, 

— , use of other liquids than water, 92, 

— , use of air, 92, 99 

Measurements, absolute, 17 
— , comparative, 14, 15, 16^ 17, 18 
— , elimination of corrections, 19, 20 
Migration of ice in ice calorimeter, 38, 
41, 45 * 

Multistage thermostat, 9 

Nerve, heat produced by, 55 

Parasitic current, 13 
Peltier’s effect, 20, 23, 32, 46 
Physicochemical standard, 15 
Potentiometer, recording, 50 

Radiation of radioactive elements, heat 
of. absorption of, 28, 29, 31, 33, 69 
— , heat of absorption of alpha particles, 
68, 69 
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Radiation of radioactive elements — Cont. 
— , heat of absorption of beta particles, 
68, 69 

— , heat of absorption of gamma rays, 
33, 69 

Recording device for labyrinth flow calo- 
rimeter, 100 

— , for maintaining the adiabatic course 
of heating, 60 

Reference substances, 25, 30, 41, 42 
Relay, reducing the sparkling, 8 

Screen, for absorption of, alpha particles, 
33, 68, 69 

— , — , beta particles, 33, 68, 69 
— > — » gamma radiation, 33, 68, 69 
Standards in microcalorimetry, 30, 41, 42, 
43, 62, 84 

— in physical chemistry, 15 

— in thermochemistry, 16 

Static method of measuring microther- 
mal effects, 78 
Submarine jacket, 60 
Systematic errors, calorimetric, 16 
— , in microcalorimetry, 17 
— , in thermochemistry, 16 
— , methods of their elimination, 18 
— , resulting from secondary phenomena, 
16 

— , thermometric, 16 

Thermal equilibrium, in adiabatic calo- 
rimeter, 67 

— , in Duane’s ether calorimeter, 32 
— , in ice calorimeter, 38 
— , in massive thermally active block, 78 
Thermal processes, classification, 2 
— , composed of several processes, 3, 95, 
96, 97 

— , of adsorption, 3 
— , of evaporation, of liquids, 3, 98 
— , of hardening of cements, 3, 95, 96 
— , of long duration, 2, 3, 74 


Thermal processes — Cont. 

— , of short duration, 4, 21, 49, 60, 63, 64 
— producing cdnstant amount of heat, 3 
— , with sharp starting and ending points, 
3, 71 

Thermally active substances, 76 
— inactive substances, 75 
— , methods of examination, 78, 79 
Thermocouples, for compensation by Pel- 
tier’s effect, 46 

— , multij unction, 12, 60, 53, 54, 65 
— , use in microcalorimetry, 12, 50, 53, 
54, 55 

Thermometer, electrical resistance, 11, 31 
— , mercury, 11 

Temperature measurements, by using, 
electrical resistance thermometers, 
11, 31 

— , by using mercury thermometers, 12 
— , by using thermocouples, 12 
— , by using thermopiles, 12, 46, 60, 53, 
54, 55, 110 
Thermoregulators, 8 

Thermostat, for microcalorimetric meas- 
urements, 6 

— , fluctuations in average temperature, 
10 

— , its heating, 6 
— , its stirring, 6 
— , multij acket, 9 
— , volume of, 10 

Twin calorimeters, adiabatic, 50, 65, 70 
— , energy equivalent determination, 22 
— , ether, 32 

— , for measuring the heat of dilution, 50 
— , used in radiology, 28, 29, 30, 31, 32 
— , with electrical resistance thermom- 
eters, 31 

Vaporization, measuring the heat of, 71 

98 

Water meter, 95 









